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Abstract 
 
The objective of this dissertation was to investigate the fate and transport of 
microorganisms in coastal subsurface. Two topics were studied: (1) evaluation of the 
performance of the Marshland Upwelling System (MUS) in removing fecal bacteria and the 
background recovery after it is shut down; (2) Investigation of the effects of salinity and soluble 
organic matter (SOM) on sorption of MS-2 and development of a model to describe the sorption 
and transport process.  
The MUS showed effective performance in removing fecal bacteria during its 32 month 
operation period at Bayou Segnette Site. The removal efficiency was increased with its operation 
as the results of deposition of solid particles from primary wastewater and the growth of biofilms 
in subsurface. After the MUS shutdown, the subsurface environment recovered completely from 
the fecal bacteria loading in less than 4 months due to fast fecal bacteria natural die-off.  
Laboratory experiments were conducted to examine the effects of salinity and SOM on 
MS-2 sorption in one-dimensional sand and sandy soil columns. A two-site reversible-
irreversible sorption model was found to describe MS-2 sorption successfully. In sand column 
tests, salinity increased MS-2 attachment by compressing double layers on reversible sorption 
sites and changing reversible sorption sites into irreversible sorption sites by reversing charges 
on the surface of some sand particles. SOM inhibited MS-2 sorption by expanding the double 
layer thickness on reversible sites and competing with MS-2 for the same binding place on 
irreversible sites. In sandy soil column tests, the bonded and dissolved soil organic matters 
suppressed the salinity and SOM effects and significantly reduced MS-2 adsorption. The bonded 
soil organic matter reduced sorption sites by occupying a great portion of sorption sites, and the 
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dissolved soil organic matter expanded the double layer thickness on reversible sorption sites and 
competed with MS-2 for the same binding place.  
A fate and transport model, coupled with two-site reversible-irreversible sorption process, 
was developed to describe MS-2 sorption and transport in sand and sandy soil columns. The fate 
and transport model fitted the experimental data well with corresponding model parameters, 
which were identified using the BFGS method and sensitivity-equation method.   
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Chapter 1: Global Introduction and Literature Review 
 
1.1 Background 
Coastal areas are pressured by population growth, leaving the coastal water quality 
vulnerable to poorly treated domestic wastewater. It was estimated that in 2003, approximately 
153 million people (53 percent of the nation’s population) lived in 673 coastal counties of the 
United State (Crossett et al. 2004). By 2015, the coastal population is expected to reach about 
165 million (NOAA 1998). Traditionally, communities and dwellings in coastal regions have to 
rely on onsite wastewater treatment facilities because centralized treatment system is not feasible 
due to limited hydraulic gradients, high water tables, and scattered location of dwellings (Ache 
and Wenger 1999). However, the septic system, which is the most widely used onsite wastewater 
treatment method, usually doesn’t function well due to high water tables, poor soil conditions, 
and influent flows exceeding the adsorptive capacity of the soil (USEPA 2002). Surveys 
indicated that more than half of the septic systems are over 30 years and at least 10 percent might 
not function properly (USEPA 2005). Improper setting and maintenance have led the septic 
system to be as the third most common source of ground water contaminants (USEPA 1996). 
The consequential threats are generally linked to public health concerns. It was reported that 
168,000 viral and 34,000 bacterial illnesses occurring each year were caused by water 
consumption from contaminated groundwater wells (USEPA 2000). More than 70% of all 
waterborne illness outbreaks in the U.S. since 1990 have resulted from pathogen contaminated 
groundwater (Kramer et al. 1996). The development of alternatives for traditional onsite 
wastewater treatment and the study of fate and transport of pathogenic microorganisms in 
groundwater have been of research interests for decades aiming to reduce the threat of 
pathogenic microorganisms to public health.   
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1.2 The Marshland Upwelling System  
1.2.1 Introduction of the Marshland Upwelling System 
The Marshland Upwelling System (MUS) was developed to replace conventional septic 
systems for domestic wastewater treatment in sparsely populated coastal areas, which have high 
water tables, poor hydraulic and sediment conditions, and non-potable saline groundwater 
(Watson and Rusch 2001; 2002; Richardson and Rusch 2005; Addo et al. 2006; Fontenot et al. 
2006; Evans and Rusch 2007a). The system consists of the following components (Figure 1.1): 
(1) a primary collection/distribution tank; (2) an injection pump controlled by a programmable 
timer; (3) a pressure gauges and a flow meter which can record the system pressure and injected 
wastewater volume; (4) an injection well, which is connected with a secondary injection well by 
the pressure relief valve; (5) a suite of monitoring wells to monitor the movement of the 
wastewater plume; and (6) the subsurface soil matrix that can treat primary wastewater.  
Primary wastewater received from dwellings is retained in the collection/distribution tank 
to equalize and settle down large particles, then is intermittently injected into subsurface by the 
injection pump. The purpose of intermittent injection is to dissipate the pressure produced during 
the injection cycle. Insufficient pressure dissipation may lead the accumulation of system 
pressure, development of preferential flow paths, thus result in the transport of wastewater with 
minimal treatment (Watson and Rusch 2001; 2002). During the active pumping phase, 
wastewater is dispersed radically within the subsurface from the injection point under the 
influence of pump-driven forces. Once injection is stopped, wastewater plume moves vertically 
upward governed by buoyancy forces resulting from the density difference between the native 
saline groundwater and the fresh wastewater. In addition, the natural groundwater flow may 
affect the movement of wastewater plume, but that effect is usually not strong as low hydraulic 
  
 
3
gradient is commonly encountered in most coastal areas (Fontenot et al. 2006). During the 
movement of wastewater plume in subsurface sediments, pollutants such as organic, nutrients, 
and fecal bacteria thus are removed by physical, chemical and biological processes.  
 
 
 
Figure 1.1 Schematic of the Marshland Upwelling System consisting of the collection/distribution 
tank, injection pump, timer, injection wells, monitoring wells and subsurface sediments 
 
 
1.2.2 The Kinetic of Fecal Bacteria Removal in Subsurface of the MUS  
 Theoretically, the MUS is similar to an upside down sand filter or a deep subsurface 
constructed wetland with vertical flow. The removal processes of fecal bacteria are generally 
discussed based on physical, chemical and biological mechanisms (Corapcioglu and Haridas 
1984; Stevik et al. 2004; Vacca et al. 2005; Sleytr et al. 2007; Wand et al. 2007).  
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Filtration and Straining 
Filtration and straining are considered important mechanisms to physically retain 
pathogenic bacteria. They take place when the microorganism flowing through a pore is larger 
than the pore opening, so suspended microorganism accumulates in the soil pores (Corapcioglu 
and Haridas 1984). The processes are affected by the size of media particle and bacteria, filter 
media clogging, and hydraulic loading (Corapcioglu and Haridas 1984; Oberdorfer and Peterson 
1985; Pundsack et al. 2001). Filtration and straining were recognized as primary mechanisms 
that remove fecal bacteria within the subsurface of the MUS (Richardson and Rusch 2005). In 
addition, with the loading of solid particles and the biofilm development in the subsurface, the 
size of the soil pore near the injection point decreases, thus enhancing the filtration and straining 
effect in removing fecal bacteria (Mcdowellboyer et al. 1986; Addo et al. 2006).  
Adsorption 
Adsorption plays a key role in chemical removal through the interface forces between 
bacteria and media particles due to the inherently small size of bacteria (Sharma et al. 1985; 
Harvey and Garabedian 1991). It takes effect when the pore size of the soil is larger than the 
fecal bacteria so filtration and straining can not retain fecal bacteria (Sharma et al. 1985). There 
are three kinds of adsorption: physical, chemical and exchange adsorption (Weber 1972). 
Usually, physical adsorption applies to the adsorption that resulting from van der Waals forces. 
Chemical adsorption is formed by the chemical interaction with the adsorbent. Exchange 
adsorption is caused by electrostatic attraction (double-layer force) to charged sediments 
(Corapcioglu and Haridas 1984). The adsorption process is governed by the balance of London-
van der Waals attraction force, double-layer force, and other short-range forces (Harvey and 
Ryan 2004).  It is affected by many factors, including characteristics of soil and fecal bacteria, 
temperature, soil saturation degree, water flow velocity and the chemistry of surrounding 
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solution, such as organic matter strength, pH and ionic strength (Gannon et al. 1991; Harvey and 
Ryan 2004; Stevik et al. 2004).   
Predation and Natural Die-off 
Biological removal is generally attributed to predation and natural die-off (Green et al. 
1997; Decamp and Warren 1998; Decamp et al. 1999). Concentration of fecal bacteria, 
temperature and saturation degree were discussed as the main factors that can affect such process 
(Kibbey et al. 1978; Alexander 1981; Kristiansen 1981). Fecal bacteria in soil are subject to 
predation by other bacteria, bacteriaphage, and larger soil fauna such as protozoa and nematodes 
(Peterson and Ward 1989). Predation of bacteria by protozoa has been proposed to be one of the 
main factors of bacteria removal in activated sludge wastewater treatment and ciliates were 
found to play a dominant role in the predation process (Curds 1992). Predation of nematodes and 
rotifers were shown to take effect in removing bacteria in constructed wetlands (Green et al. 
1997). Usually, predators require a relatively large population of prey, thus the host population 
seldom drops below certain levels (Peterson and Ward 1989). Studies indicated that predation 
may only occur above a minimum bacterial concentration, below that predation is little or none 
(Alexander 1981). Die-off plays an important role for removing fecal bacteria during the larger 
retention periods in subsurface sediments. It is generally believed that 2-3 months are sufficient 
for reduction of fecal bacteria to negligible levels once they have been applied to the soil, 
although survival times as long as 5 years have been reported (Gerba and Schaiberger 1975). 
Temperature is one of the most important factors affecting the survival performance of fecal 
bacteria. High temperature is generally linked to high bacteria decay (Kristiansen 1981). Reddy 
et al. (Reddy et al. 1981) found that bacteria die-off was about doubled with each 10°C rise in 
temperature between 5°C to 30°C.    
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1.2.3 Previous Studies on the MUS in Removing Fecal Bacteria 
 
To date, the MUS has been installed and operated at three unique sites to study the effect 
of different geoenvironmental and operational factors on the MUS performance of removing 
fecal bacteria. These factors included soil type, groundwater salinity, injection rate and 
frequency.  
Site at Port Fourchon 
The MUS was first installed and operated at the Louisiana Universities Marine 
Consortium (LUMCON) campsite, Port Fourchon, Louisiana, which lies within the Barataria-
Terrebonne National Estuary, a historically significant oyster-producing area (NOAA, 1997). 
The campsite is completely surrounded by a tidal Spartina salt marsh, where water salinity is 33 
parts per thousand (ppt) (Watson and Rusch 2001; 2002). The water table varies from 0.3 m 
above to 0.15 m below the surface depending on the tidal stages. Soils are level (slope less than 
0.5%), very poorly drained, semi-fluid, clayey mineral soils, which belong to the Scatlake series 
(USDA 1984).  
Two feasibility studies were conducted at this site to treat secondarily treated and settled, 
raw wastewater to remove the fecal bacteria. Fecal bacteria contamination was of primary 
concern at this site as the excessive fecal coliform counts was the main cause for the permanently 
closed of surrounding water body to shellfish harvesting by the Louisiana Department of Health 
and Hospitals (Kilgen and Kilgen, 1989).   
The first study was a “proof of concept” study, during which the secondarily treated 
wastewater was injected and treated to investigate the performance of the MUS of removing 
fecal bacteria without impacts of other wastewater pollutants, such as organic, solids, and 
nutrients. Approximately 575,383 liters of wastewater were injected into the subsurface at a flow 
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rate of 0.9 L min-1 and frequency of 30 min 3 h-1 in this study (Stremlau 1994). Results showed 
that fecal coliform strength decreased dramatically from 2,100,000 colonies (100 mL)-1 to < 2 
colonies (100 mL)-1 after traveling 2.4 vector meters in subsurface(Stremlau 1994). 
Another research performed at this site focused on the removal of fecal coliform and E. 
coli from raw, settled wastewater. In this study, a total of 28,930 liters of wastewater was 
injected and three injection flow rates, 0.9, 1.9, 3.8 L min-1 at a frequency of 30 min 3 h-1 were 
tested. Results showed that optimal performance was achieved at the injection flow rate of 1.9 L 
min-1. Average influence concentration of 930,000 colonies (100 mL)-1 for fecal coliform and 
260,000 colonies (100 mL)-1 for E. coli were reduced to effluent count of 4.6 colonies (100 mL)-1 
for fecal coliform and 0.4 colonies (100 mL)-1 for E. coli, respectively. However, high flow rate 
as 3.8 L min-1 caused the subsurface clogging and development of preferential flow paths, 
indicating by the sudden increasing system pressure and effluent bacteria counts. Once the flow 
rate was reduced to 1.9 L min-1, reliable MUS performance resumed (Watson and Rusch 2001; 
2002). In all, the performance of the MUS in removing fecal bacteria at this site was pretty well 
and no catastrophic failure was occurred in the 13 months operation.  
Site at Moss Point 
The second experimental MUS was located in a saline Juncus roemerianus marsh within 
the Grand Bay National Estuarine Research Reserve, Moss Point, Mississippi. The marsh was 
characterized as having high salinity with 17 ppt at the surface and 33 ppt at a depth of 3 m and 
below (Richardson and Rusch 2005). Several layers were identified for the soil at this site. The 
Scatlake soil layer was approximately 1.2 m in depth from the surface. Following the Scatlake 
soil layer was a loam layer for about 1.2m, then followed by a sandy loam layer of 0.6 m and a 
loamy sand layer of 0.8 m (Evans and Rusch, 2007a). The system was in operation for almost a 
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year and four injection flow rates, including 1.9, 2.8, 5.5  L min-1 at a frequency of 30 min (3 h)-1 
and 2.8 L min-1 at a frequency of 15 min h-1, were tested. A total of 71,559 L of raw, settled 
wastewater was injected into the subsurface during this study to investigate the effects of 
hydraulic, organic and solids loadings on fecal bacteria removal. Results showed that the MUS 
was efficient to remove fecal coliform from the influent of 55,269 colonies (100 mL)-1 to effluent 
counts of 2.7 colonies (100 mL)-1. The optimal performance was achieved at the injection flow 
rate of 2.8 L min-1 at a frequency of 30 min (3 h)-1. The operational criterion for allowable flow 
rate was identified to be 5.5 L min-1 at a frequency of 30 min (3 h)-1 indicated by the acute 
hydraulic failure of the system at this flow rate. However, this acute hydraulic failure was easily 
eliminated by reducing the flow rate (Richardson and Rusch 2005).   
Site at Bayou Segnette 
The third MUS study was performed at a camp located in Bayou Segnette Canal 
Waterway, Louisiana, which belongs to the Barataria-Terrebonne Estuarine System in the 
Mississippi Deltaic Plain. The MUS was installed in a flotant marsh in which the sediments are 
stay flooded or ponded most of the year. The sediments in this area are classified as Kenner 
muck in the Kenner Series (USDA 1983), which is generally poorly drainable and contains semi-
fluid organic soil. The slope in this area is less than 0.5%. Composite sediment core samples 
were collected at the injection site and the analysis results showed that there are three main 
distinct layers in this site. The plant root layer was approximately 0.6 m in depth and composed 
mainly of decaying plant vegetation and roots of existing plants mixed with highly 
organic/humic soils. Following the plant root layer was an extremely unconsolidated organic 
muck layer that extended from 0.6 to 2.7 m. Under this organic much layer was a dense 
consolidated mixed clay, sand and silt layer (Addo et al. 2006; Evans and Rusch 2007b). The 
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salinity profiles at the Bayou Segnette site were vertically stratified, increasing from 1.2 ppt at 
the surface to 6.3 ppt at depth of 4.6 m, and to 11 ppt at a depth of 7.6 m.  
The main purpose of the Bayou Segnette study was to investigate the efficiency of the 
MUS to remove fecal bacteria in the low-background salinity area at different injection flow 
rates, as the salinity level in Bayou Segnette is much lower than that of Port Fourchon and Moss 
Point. A suite of three injection regime (flow rate/frequency: 18.9 L min-1-15 min h-1; 0.95 L 
min-1-15 min h-1; 1.9 L min-1-15 min h-1) were tested. The system was in operation for 15 months 
and a total of 130,987 L of raw, settled wastewater was injected into the subsurface during this 
study. Results indicated that although lower subsurface salinity/ionic strength may promote 
bacterial transport, the MUS could remove fecal bacteria very well through careful selection of 
injection depth and injection regime.  High flow rate, such as 18.9 L min-1-15 min h-1, still 
provided effective removal of fecal bacteria, but the long-term system operation was 
compromised due to channelization. Operation under a suitable injection flow rate (0.95-1.9 L 
min-1) was effective in removing fecal bacteria to more than 99.9% (Addo et al. 2006).   
Over all, the MUS performed well in removing fecal bacteria in all three sites. The fecal 
bacteria removal was indicated to follow exponential decay versus vector distance as following:  
kx
x eCC
−= 0                                                                                                                                    (1.1) 
where Cx represents the fecal bacteria concentration at vector distance x; C0 is the initial 
concentration of the influent value; x is the vector distance, which was defined as the direct path 
from the point of injection to the observation point; k is the vector distance-based first-order 
removal rate constant.  
Equation 1.1 was used to calculate predicted surface concentration and required travel 
distance to achieve effluent standard, which was set as the shellfish harvesting water standard of 
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14 Colonies (100 mL)-1(or MPN (100 mL)-1). The predicated surface concentration was 
calculated by using a distance of injection depth, assuming the wastewater travels straight up 
from the point of injection to the surface. The calculated results of those three sites are listed in 
Table 1.1 (Watson and Rusch 2001; 2002; Richardson and Rusch 2005; Addo et al. 2006). For 
all studies, the predicted surface concentration were among the range of 0.003-2 Colonies (100 
mL)-1(or MPN (100 mL)-1), except the results at the flow rate of 1.9 L min-1-15 min h-1 at Bayou 
Segnette. The required travel distances to achieve effluent standard were among 1.49-4.74 m, 
which were all smaller than the injection depth in each study. The MUS was shown to be 
efficient to remove fecal bacteria in all previous studies. 
 
 1.2.4 Research Interests on the MUS  
The MUS showed effective fecal bacteria removal during its 1-2 years operation in all these 
three sites. However, to be certified as one of the selectable treatment opinion by the state’s 
health or environmental divisions, a long-term performance of the MUS need to be evaluated. In 
addition, the background recovery study needs to be conducted to better understand the impact of 
the MUS on its surrounding environment after its shutting down, which might occur in such 
circumstances as wastewater link to central sewage collection/treatment or residents relocate 
resulting in no wastewater generated in initial site.  After the study of Addo and co-workers 
(Addo et al. 2006) from October 2004, the MUS in Bayou Segnette Canal Waterway, LA was 
still in service until the Hurricane Katrina hit this area on 8/29/2005, which brought the power 
loss for about a year and the MUS had to be shut down.  
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Table 1.1 Summary of previous study results on the MUS in removing fecal bacteria (data from Rusch et al. 2007)  
Site Location Port Fourchon Moss Point Bayou Segnette 
Initial Groundwater Salinity (ppt) 34 32 10 
Injection Depth (m) 4.6 3.8 4.3 
Injection Flowrate (Lpm) 0.9 3.8 1.9 1.9 2.8 2.8 0.95 1.9 
Injection Frequency (min h-1) 30 / 3 30 / 3 30 / 3 30 / 3 30 / 3 15 / 1 15 / 1 15 / 1 
Hydraulic Loading Rate  (Lpd) 45 97 66 196 260 102 280 393 
Loading 170 a 1130 a 620a 3,234a 402a 16a 161b 803b
First-order rate constant (m-1) 3.8 2.7 3.5 6.6 5.8 5.6 2.6 1.7 
Predicted surface 
concentration* 0.01
c 2.07c 0.10c 0.04c 0.003c 0.006c 0.11d 30
d 
Fecal 
Coliform  
  
Required travel distance to 
achieve effluent standard** (m) 2.70 3.90 3.20 2.20 2.32 2.40 2.46 4.74 
Loading 74a 140 a 252 a ------- ------- ------ 125 b 195 b 
First-order rate constant (m-1) 3.0 2.3 2.6 ------- ------- ------ 2.5 1.5 
Predicted surface 
concentration* 0.02
c 0.14c 0.05c ------- ------- ------ 0.11d 23d 
E. coli  
 
Required travel distance  to 
achieve effluent standard**  (m) 1.65 1.59 1.49 ------- ------- ------ 2.40 4.60 
aCol x 106 d-1;   bMPN x 106 d-1 ;   cCol (100mL)-1;   dMPN (100 mL)-1 
* These values assume a direct upward movement from the point of injection to the surface; ** Fecal coliforms and E. coli 14 Col. 
(100 mL)-1 (or MPN (100 mL)-1).  
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1.3 Fate and Transport of Viruses in Porous Media 
 
1.3.1 Introduction of Viral Fate and Transport in Porous Media 
In the past two decades, the fate and transport of pathogenic microorganisms in porous 
media has been extensively studied due to the concern for potential outbreaks of diseases caused 
by contaminated groundwater. Poorly treated sewage waters, leaking septic tanks, private waste 
disposal systems, and municipal sanitary landfills have been identified as the main sources of 
groundwater contamination (Yates et al. 1985; Zhuang and Jin 2003b). It is estimated that more 
than 42% of the water-associated disease outbreaks in the population can be traced to the 
consumption of untreated, sewage-impacted ground water (Keswick and Gerba 1980).  
To increase the understanding of the fate and transport of pathogenic microorganisms, 
batch, column, and field-scale studies have been conducted to investigate microorganism 
sorption, inactivation, and transport in various porous media (Bales et al. 1991; Gannon et al. 
1991; Grant et al. 1993; Penrod et al. 1996; Jin et al. 1997; Schijven et al. 2002; Chu et al. 2003; 
Guan et al. 2003; Abudalo et al. 2005; Blanford et al. 2005; Collins et al. 2006; Cheng et al. 
2007; Van Cuyk and Siegrist 2007). Among them, research on the fate and transport of viruses 
has been of particular interest because they have the most disinfection-resistant and more 
conservative transport behavior (Berger 1994). Bacteriophages have been widely employed as 
the surrogates for human viruses based on their obvious advantages: similar size to viruses, non-
pathogenic to human, specific to special host bacteria, simple and rapid assay, and good survival 
characteristics (Van Cuyk and Siegrist 2007). Among them, MS-2 was one of the most widely 
used pathogen surrogate owing to its similar morphology and survival characteristics to some 
important groups of human viruses, such as poliovirus and norovirus (Sundram et al. 2002; 
Dawson et al. 2005). Previous studies (Schijven and Hassanizadeh 2000; You et al. 2003) have 
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shown that MS-2 generally exhibited poorer sorption behavior to solid surfaces than most of 
other viruses and bacteriophages, such as echovirus Group 7, bacteriophage T2, T4 and ФX-174, 
and could be used as worst-case model virus.  
 
1.3.2 Modeling Fate and Transport of Viruses in Ground Water  
Many models used to describe the fate and transport of viruses in ground water have been 
put forward (Corapcioglu and Haridas 1985; Sim and Chrysikopoulos 1998; Schijven et al. 1999; 
Schijven et al. 2000b; Bhattacharjee et al. 2002; Schijven and Simunek 2002; Schijven et al. 
2003). Most of them are based on the convection-dispersion equation as given by (Bear 1972; 
1979): 
( ) ( )B d
SC D C vC R
t t
ρθ θ θ∂∂ + = ∇ ⋅ ⋅∇ − ∇ ⋅ −∂ ∂                          (1.2) 
where θ  is the soil porosity; C  is the virus concentration in the aqueous phase; S  is the virus 
concentration in the solid phase; ρB is the bulk density of soil; D is the dispersion coefficient of 
viruses; v is the ground water flow velocity; t is the time; Rd is the viral decay. In equation(1.2), 
advection( ( )vCθ∇⋅ ) and dispersion process ( ( )D Cθ∇ ⋅ ⋅∇ ) affect the spreading of viruses and 
thereby attenuation viral concentration, whereas sorption ( / )BS tρ∂ ∂  and inactivation (Rd) 
account for the removal of viruses (Schijven and Hassanizadeh 2000). The sorption process can 
be described by an equilibrium or kinetic model. 
Equilibrium Sorption 
In the equilibrium model, the distribution of viruses between solid and aqueous phases 
reaches equilibrium rapidly, and this distribution can be described commonly by the Langmuir 
(Equ.1.3) or Freundlich isotherm (Equ. 1.4) (Yates et al. 1987): 
 14
1
L sm
L
K CCS
K C
= +                                                  (1.3) 
n
FS K C=                                                                                                                                    (1.4) 
where Csm is the maximum concentration when all of the active surface sites are occupied; KL, KF 
and n are constants. Usually, the adsorbed state is only weakly favored (KL is small) and the 
liquid phase concentration C is small in Langmuir isotherm, and the constant n is not 
significantly different from unity in Freundlich isotherm, leading equations reduced to linear 
expression as following (Vilker and Burge 1980; Yates et al. 1987; Schijven and Hassanizadeh 
2000): 
eqS K C=                                                                                                                                    (1.5) 
where Keq is the distribution coefficient for viruses in liquid and solid phase. 
Kinetic Sorption 
 In the kinetic sorption model, the equilibrium distribution of viruses between solid and 
aqueous phases is reached slowly. This kinetic sorption process can be described either by the 
reversible sorption model, or by the irreversible sorption model (Schijven and Hassanizadeh 
2000; Bhattacharjee et al. 2002). The reversible kinetic sorption can be described by viral 
attachment to the porous media and viral detachment from the porous media: 
att detB B
S K C K S
t
ρ θ ρ∂ = −∂   (1.6) 
where attK is the attachment rate coefficient at the reversible sorption site; detK  is the detachment 
rate coefficient at the reversible sorption site.  
 The irreversible sorption process is described by viral attachment to the porous media, 
whereas the detachment of attachment viruses is negligible. However, these sorption sites are 
finite and no virus can be retained when these sorption sites are saturated (Lindqvist et al. 1994; 
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Tan et al. 1994): 
att
max
(1 )B
S SK C
t S
ρ θ∂ = −∂  (1.7) 
where attK is the attachment rate coefficient on irreversible sorption site; maxS  is the maximum 
adsorption capacity of irreversible site.  
 Under the assumption that the surface of geologic media is geochemically homogeneous, 
only single site sorption takes effect on the media surface. Either an equilibrium isotherm model 
(Tim and Mostaghimi 1991; Jin et al. 1997) or a one-site kinetic sorption model (Tan et al. 1994; 
Schijven et al. 1999; Keller et al. 2004) was developed to describe the viral sorption process. 
However, it is known that patch-wise charge heterogeneity exists on the surface of granular 
media because of the complexity of the crystalline structure of solids and their variable chemical 
composition, as well as surface bounded impurities (Ryan and Elimelech 1996). Several two-site 
sorption models have been developed to consider the coexistence of different sorption models on 
the surface of geologic media including the equilibrium-reversible model (Bales et al. 1991; 
Bales et al. 1997; Schijven et al. 2000a) and the reversible-reversible model (Schijven et al. 
2000a; Schijven et al. 2002; Schijven et al. 2003). The reversible-irreversible model was also 
discussed in (Bhattacharjee et al. 2002) when the release of attached viruses from favorable site 
is negligible. In general, two-site models have shown better results in modeling viral sorption in 
real subsurface sediments and complex solution chemistry (Bhattacharjee et al. 2002; Schijven et 
al. 2002). 
 
1.3.3 Virus Sorption and Affecting Factors  
The retention of microorganisms in porous media has been attributed to several 
mechanisms: straining and filtration at pore constrictions, sorption onto surface of sediments, 
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sedimentation in the pores, interception, systematic and random motion, growth and die-off 
(Corapcioglu and Haridas 1984). Because of their small size, the main retention mechanism for 
viruses is sorption onto the surface of the sediments. This sorption process is dominated mainly 
by electrostatic forces, which can be described by Derjaguin-Landau-Verwey-Overbeek (DLVO) 
theory (Ryan and Elimelech 1996) (Figure 1.2). In this theory, three forces, including double-
layer repulsion or attraction, London-van der Waals attraction, and other poorly characterized 
short-range “non-DLVO” forces, were considered to take effect together on interfaces between 
 
Figure 1.2  DLVO potential energy as a function of separation distance between a colloid (virus) 
and collector. The total potential energy,ΦTotal (solid curve), is the sum of (1) the double layer 
potential energy, ΦDL, shown here for repulsion between particles of similar charge, (2) the van 
der Waals potential energy, Φvdw, and (3) the Born potential energy, ΦBorn, the short-range 
repulsion energy. This typical total potential energy curve is characterized by a deep attractive 
well at a very small sepeartion distance, the primary minimum (Φmin1,), a repulsive energy 
barrier, the primary maximum (Φmax,), and a shallow attractive well at a larger separation 
distance (Φmin2,). The potential energy is normalized by KBT. (from Ryan and Elimelech 1996) 
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the virus and media. The double layer force arises from the overlap of diffuse clouds of ions 
(double layers) that accumulate near charged surfaces to balance the surface charge. It will be 
repulsive or attractive depending on the charges of interacting surfaces and its strength can be 
affected by chemistry of surrounding solution. The London-van der Waals force, which arises 
from electrostatic attraction between temporary fluctuating dipoles in the molecules, is always 
attractive and fairy weak. It depends on the nature of interacting material and will not be affected 
by surrounding solutions. The short-range “non-DLVO” forces may include steric repulsion, 
hydrophobic attraction, hydration force and other forces that take effect at very near distance 
(Harvey and Ryan 2004). They are poorly characterized so far and may be mainly account for 
the uncertainty of virus sorption behaviors.      
Many studies have been conducted to investigate the effects of various factors on viral 
sorption and inactivation. It has been shown that virus type, soil type, and solution chemistry can 
affect the sorption of viruses, where temperature and unsaturated conditions are crucial for virus 
inactivation (Jin et al. 2000; Schijven and Hassanizadeh 2000).  
Ionic Strength 
Ionic strength is one of the important factors in solution chemistry for viral sorption. 
Previous studies have shown that the retention of viruses was enhanced as the ionic strength 
increased (Lance and Gerba 1984; Grant et al. 1993; Penrod et al. 1996). (Bales et al. 1991) and 
(Redman et al. 1999) also found that bacteriophage, which was commonly used as surrogate for 
viruses, attached more when multivalent cations (Ca2+ or Mg2+) were added compared with the 
monovalent (Na+). It is believed that ionic strength can affect the thickness of double layer 
formed between viruses/bacteriophages and geologic media (Lance and Gerba 1984; Harvey and 
Ryan 2004). Further, the presence of multivalent cations can build the salt bridge between 
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viruses/bacteriophages and geologic media or even alter their charges, thus increasing adsorption 
(Lukasik et al. 2000; Harvey and Ryan 2004). 
Organic Matter 
The presence of organic matter, both in the aquatic and mineral-bound phases, is another 
important factor that can affect the viral fate and transport. It was indicated that organic matter 
played an important effect on the interaction between viruses and geologic media. On one hand, 
many studies (Moore et al. 1981; Gerba 1984; Powelson et al. 1991; Pieper et al. 1997; Zhuang 
and Jin 2003a; Bradford et al. 2006) have showed that organic matter can enhance viral transport 
by providing additional negative charges, covering existing positively charged sites, competing 
with viruses for the same binding sites, disrupting hydrophobic bonds between viruses and 
geologic media, or lowering viral inactivation. On the other hand, other studies indicated that 
organic matter can facilitate viral adsorption by promoting hydrophobic interaction between 
viruses and geologic media (Bales et al. 1993; Kinoshita et al. 1993). Moreover, no distinct 
effect of organic matter on viral transport was also reported (Gerba and Lance 1978; Cheng et al. 
2007). In general, the contradict results of organic matter effect reveals the complex interaction 
among viruses, organic matter and geologic media and it may be responsible for considerable 
uncertainty in predicting viruses removal (Schijven and Hassanizadeh 2000). 
pH   
Numerous studies indicated that pH is an important factor for the adsorption of virus in 
subsurface water (Bales et al. 1991; Bales et al. 1993; Guan et al. 2003; Schulze-Makuch et al. 
2003). Water pH affects the charge density and can even change the sign of the charge on the 
surface of the viruses and/or the porous medium based on the relationship between the isoelectric 
points (pHiep) and the water pH. A particle (virion or sand) suspended in water is negatively 
charged if the pH is above its pHiep , and vice versa (Guan et al. 2003). Guan et al (Guan et al. 
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2003) also put forward the concept of critical pH, which is determined to be 0.5 unit below the 
highest isoelectric point of the virus and porous media. When water pH is below the critical pH, 
the virus has an opposite charge to at least one component of the porous medium, and is almost 
completely and irreversibly removed from the water.  In neutral conditions, the surfaces of sand 
and soil generally carry negative electrostatic charges (Gannon et al. 1991). While MS-2 is also 
negatively charged because of its low pHiep (3.9), it does not adsorb or only poorly adsorbs onto 
sand and soil (Bales et al. 1991; Bales et al. 1993; Jin et al. 1997). 
Soil Type 
It was indicated that solid surfaces in natural and engineered systems usually exhibit a 
distribution in measured physical and chemical properties (Ryan and Elimelech 1996). Most of 
the surface area of soil grains has chemical characteristics unfavorable for virus deposition. 
Therefore, viral attachment in groundwater is thought to be largely restricted to a minor fraction 
of the grain surface having energetically favorable charge characteristics (Schijven and 
Hassanizadeh 2000). It was suggested that the metal oxides on the surface, such as oxides of iron, 
aluminium, and manganese, can enhance the adsorption of virus because of their positive charge 
at near-neutral condition (Chu et al. 2003; Zhuang and Jin 2003a). The bonded organic carbon 
content of the soil shows ambiguous effect. On one hand, the soil organic matter may decrease 
the adsorption of virus for its low pHiep and therefore negative charge (Moore et al. 1981). On the 
other hand, the bonded organic matter may provide hydrophobic adsorption sites to increase the 
viral adsorption (Bales et al. 1991; Bales et al. 1993).  
Temperature and Saturated Degree 
Temperature has been regarded as the primary factor influencing the survival of viruses 
in ground water as the higher temperature of the environment increases virus inactivation rate. 
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(Straub et al. 1992; Yahya et al. 1993; Blanc and Nasser 1996). In a virus inactivation study 
using over 100 ground water samples performed by (Yates et al. 1985), temperature was found to 
be the only measured characteristic to be significantly correlated with virus inactivation. In 
addition, moisture content/saturated degree of the soil has also been found to play an important 
role in viral survival and transport in the subsurface environment (Yeager and Obrien 1979; 
Powelson and Gerba 1994). Lots of studies have shown that removal of virus and bacteriophage 
was enhanced under unsaturated conditions compared with that of saturated conditions (Jewett et 
al. 1999; Jin et al. 2000; Sirivithayapakorn and Keller 2003). It was believed that the air-water 
interface might retain and inactivate viruses during transport through unsaturated soil.  
 
1.3.4  Research Interests on Fate and Transport of Viruses in Ground Water 
Although lots of research has been performed to study the effect of ionic strength and 
organic matter on the sorption of viruses in different geologic media, most of them focused only 
on the conditions of low ionic strength levels and low soluble organic matter (SOM) 
concentrations to mimic the characteristics of potable groundwater (Taylor et al. 1981; Lance 
and Gerba 1984; Gannon et al. 1991; Tan et al. 1994; Lukasik et al. 2000). There are almost no 
studies reported in literature that investigate the fate and transport of viruses with high SOM 
under high ionic strength conditions, which is important to understand the fate and transport of 
viruses in wastewater in the subsurface environment in coastal areas where high salinity is 
commonly encountered. Regarding the fast growing population along the coastal areas where 
access to centralized wastewater treatment facility is not feasible, removal of anthropogenic 
pollutants through subsurface injection, such as the Marshland Upwelling System or other 
constructed subsurface wetland systems, would be an effective on-site treatment approach. In 
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this regard, coastal management will greatly benefit from the better understanding of salinity and 
SOM impact on the viral sorption. The research interests on the fate and transport of viruses in 
ground water were to: (1) investigate the impact of SOM and salinity on the sorption and 
transport of viruses in saturated porous media columns; (2) Develop the fate and transport model 
to describe the process and used to explain the impact of SOM and salinity on viral sorption.  
 
1.4 Research Objectives 
Over all, the objectives of this research was to investigate the fate and transport of 
microorganism in coastal subsurface. Two topics, including the performance of using the MUS 
as an alternative wastewater treatment option to remove fecal bacteria for coastal area and the 
fate and transport of viruses in wastewater in coastal subsurface, were to be covered. Specific 
objectives were:  (1) evaluate the long-term effects of hydraulic loading and pathogen loading on 
the MUS performance in removing fecal bacteria; (2) evaluate the ability of the subsurface 
environment to return to baseline conditions prior to initiation of the MUS after it was shut 
down; (3) investigate the impact of soluble organic matter and salinity on the sorption and 
transport of viruses in saturated porous media; (4) develop a fate and transport model to describe 
the fate and transport of viruses in coastal subsurface, and to explain the effect of soluble organic 
matter and salinity on viral sorption based on identified model parameters.  
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Chapter 2: Fecal Bacteria Removal within the Marshland Upwelling System 
and Background Recovery Study after System Shutdown 
 
2.1 Introduction 
Coastal areas are pressured by population growth, leaving coastal water quality 
vulnerable to poorly treated domestic wastewater. It was estimated that in 2003, approximately 
153 million people (53 percent of the nation’s population) lived in 673 coastal counties of the 
United States (Crossett et al. 2004). Traditionally, communities and dwellings in coastal regions 
have to rely on onsite wastewater treatment facilities because centralized treatment systems are 
not feasible due to limited hydraulic gradients and the scattered location of dwellings (Ache and 
Wenger 1999). Moreover, septic systems, the most widely used onsite wastewater treatment 
method, usually do not function well in coastal areas because of high water tables, poor soil 
conditions, and influent flows exceeding the adsorptive capacity of the soil (USEPA 2002). 
Surveys indicated that more than half of the septic systems in the United States are over 30 years 
and at least 10 percent might not function properly (USEPA 2005). Onsite septic systems were 
identified as one of the contributing factors to many closed shellfish harvesting sites where fecal 
coliform concentrations exceed regulatory limits (NOAA 1997).   
The Marshland Upwelling System (MUS; Figure 2.1) was developed as an alternative to 
the conventional septic system in coastal areas for domestic wastewater treatment (Richardson 
and Rusch 2005; Turriciano 2005; Addo et al. 2006; Fontenot et al. 2006; Evans and Rusch 
2007a). The MUS consists of a collection/distribution tank, a pump, a timer, pressure gauges, 
injection wells, monitoring wells, and the subsurface soil matrix. Wastewater received from 
dwellings is retained in the collection/distribution tank that equalizes and removes large 
particles. Then, the wastewater is intermittently injected into subsurface by the pump controlled 
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by the programmed timer. Intermittent injection is necessary to dissipate pressure, which 
minimizes the potential of hydraulic channelization in the soil matrix. Movement of the 
wastewater plume in the saturated soil is governed by several processes including radial 
dispersion from the injection point, vertical upwelling movement due to buoyancy, and advection 
along with groundwater flow. The buoyancy force comes from the density difference between 
the wastewater and the native saline groundwater.  
 
 
 
Figure 2.1 A schematic drawing of the Marshland Upwelling System  
 
The MUS is analogous to an upside down sand filter or a deep subsurface constructed 
wetland with vertical flow. The removal processes of fecal bacteria are generally based on the 
chemical, physical and biological mechanisms (Corapcioglu and Haridas 1984; Stevik et al. 
2004; Vacca et al. 2005; Sleytr et al. 2007; Wand et al. 2007). Filtration and straining are 
considered important kinetics to physically retaining pathogenic bacteria, and the processes are 
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affected by the size of bacteria, the size of medium particles, filter medium clogging, and 
hydraulic loading (Corapcioglu and Haridas 1984; Oberdorfer and Peterson 1985; Pundsack et 
al. 2001). Adsorption plays a key role in chemical removal through the interfacial forces between 
bacteria and medium particles due to the inherently small size of the bacteria (Sharma et al. 
1985; Harvey and Garabedian 1991). Such interfacial forces include the London-van der Waals 
attractive force, the electrostatic double-layer force, and other short-range forces. Those forces 
are affected dramatically by the chemistry of surrounding solutions, such as pH and ionic 
strength (Gannon et al. 1991; Harvey and Ryan 2004). Biological removal is generally attributed 
to predation and natural die-off (Green et al. 1997; Decamp and Warren 1998; Decamp et al. 
1999). Concentrations of fecal bacteria, temperature and degree of saturation have been 
discussed as the main factors that can affect such processes (Kibbey et al. 1978; Alexander 1981; 
Kristiansen 1981).   
The efficiency of the MUS in removing fecal bacteria depends on several 
geoenvironmental and operational factors, including the soil type, the groundwater salinity/ionic 
strength, the injection rate and the injection frequency. To date, fecal bacteria removal within the 
MUS has been intensively studied in three field demonstration sites to investigate the effects of 
the above factors. The research results of two MUS sites in Port Fourchon, Louisiana (13- month 
operation length) and Moss Point, Mississippi (12-month operation length) showed that fecal 
bacteria were effectively removed under salinity concentrations as high as 35 parts per thousand 
(ppt) (Watson and Rusch 2001, 2002; Richardson and Rusch 2005;). The third MUS site in 
Bayou Segnette Canal Waterway, Louisiana (15-month operation length) had relatively low 
salinity (0 ppt at the surface to 11 ppt at a depth of 7.6 m). However, the results indicated that 
although lower subsurface salinity may promote bacterial transport, the MUS can efficiently 
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remove fecal bacteria through careful selection of injection depth and injection regime (Addo et 
al. 2006).  
The MUS has demonstrated effective fecal bacteria removal in three demonstration sites 
in short-term operations (12 to 15 months). However, the long-term performance, including the 
MUS site recovery following system deactivation, has not yet been evaluated. Therefore, the 
objectives of this study were to: (1) evaluate the long-term effect of hydraulic loading and 
pathogen loading on the MUS performance in removing fecal bacteria; and (2) evaluate the 
recovery rate and degree that the subsurface environment returns to the pre-MUS condition by 
terminating the MUS operation. To achieve the objectives, we continued operating the MUS and 
sampling after the work of (Addo et al. 2006) at the MUS demonstration site in Bayou Segnette 
Canal Waterway. The power outage occurred after Hurricane Katrina hit this area on August 29, 
2005. The MUS was shut down for about a year. This study utilized this event to evaluate the 
long-term MUS performance of removing fecal bacteria (32 months) as well as conducted the 
background recovery study for a period of 12 months.  
 
2.2 Material and Methodology 
2.2.1 Field Site Description 
The study site is located next to the Bayou Segnette Canal Waterway in Louisiana, which 
belongs to the Barataria-Terrebonne Estuarine System in the Mississippi Deltaic Plain. There are 
about 150-200 waterfront camps along the Bayou Segnette Canal Waterway. Because of the 
geographic location, relative low population density and sporadic use of camps, a central sewage 
collection/treatment is not feasible. Most of the camps discharge untreated wastewater directly 
into marshes. Some of the camps rely on conventional onsite wastewater treatment methods, 
such as above ground tanks with separated compartments for aeration followed by chlorine 
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disinfection or homemade septic tank system. However, both of them usually do not function 
well due to frequent maintenance requirement. The improperly treated wastewater from the 
camps is the main reason for the pollution in this region.  
The MUS was installed in a flotant marsh where the sediments stay flooded or ponded 
most of the year. The sediments in this area are classified as Kenner muck in the Kenner Series 
(USDA 1983), which is generally poorly drainable and contains semi-fluid organic soil. The 
slope in this area is less than 0.5%. The results of the composite sediment core analysis showed 
three main distinct layers in this site. The plant root layer was approximately 0.6 m in depth and 
was composed mainly of decaying plant vegetation and roots of existing plants mixed with 
highly organic/humic soils. Following the plant root layer was an extremely unconsolidated 
organic muck layer that extended from 0.6 to 2.7 m. Beneath this organic muck layer was a 
dense consolidated silty sand layer (Addo et al. 2006; Evans and Rusch 2007b). In addition, the 
results of the stratum particle analysis of two soil cores in this site revealed that the soil profile 
was quite heterogeneous with different silty clay layers distributed in the subsurface.  
   
2.2.2 MUS Description 
The MUS was installed at a camp to receive a continual source of wastewater (black and 
gray water). The wastewater was gravity-drained into a 3,700 liters collection/distribution tank to 
equalize and settle large particles. The settled wastewater was pumped into the subsurface 
intermittently through the primary injection well (4.3 m in depth). The primary injection well 
was connected to a backup injection well (6.1 m in depth) by a pressure relief valve to shift the 
wastewater injection in case that the primary well is clogged. Nevertheless, no clogging occurred 
during the operation period, and thus all the wastewater was injected through the primary 
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injection well. A water meter and a pressure transducer connecting to a data logger were installed 
in the system to record the volume of the injected wastewater and to monitor the system pressure. 
The purpose of system pressure monitoring is to keep a suitable system pressure to ensure a 
proper system operation. Figure 2.2 shows the 38 monitoring wells at depth of 2.7, 4.0, 4.3, 6.1 
and 7.6 meters, which were installed at varying radii surrounding the injection well to monitor 
the wastewater plume distribution in the subsurface. Moreover, a remote monitoring well was 
installed at 3 meters east of monitoring well TE to record the background pollutant concentration. 
 
2.2.3 MUS Sampling 
The MUS was originally installed and operated between December 2002 and October 
2004.  During this period, a total volume of 187,243 liters of wastewater was injected into the 
subsurface (Evans and Rusch 2007a). The removal of fecal bacteria (Addo et al. 2006), 
phosphorus (Evans and Rusch 2007b), and nitrogen (Turriciano 2005) by the MUS were 
evaluated. From October 2004 to June 2005, no sampling was conducted while the MUS was 
still in service. A total volume of 55,051 liters of wastewater was injected into the subsurface 
during this period. Sampling started again in June 2005. From June 9, 2005 to August 29, 2005, 
the MUS was operated at a flow rate of 2.83 L min-1 and an injection frequency of 30 min h-1. A 
total amount of 52,890 liters of wastewater was injected. After Hurricane Katrina hit on August 
29, 2005, this area lost power for about a year, and MUS operation was stopped. Sampling 
continued from September 2005 to August 2006 to investigate site recovery.   
Sampling was performed on a monthly basis from September through May and twice a 
month June through August. Each time, water samples from selected monitoring wells were 
collected and analyzed to monitor the distribution of fecal bacteria in the subsurface. The raw  
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Figure 2.2 A schematic drawing of location of monitoring wells surrounding the injection well to 
allow for 3D monitoring of the wastewater plume within the system 
 
wastewater samples were collected directly from the collection/distribution tank as a reference 
for assessing system efficiency. Surface water samples were collected 0.3 m below the water 
surface in the middle of the bayou. The surface water samples were analyzed to demonstrate the 
effects of anthropogenic sources such as domestic wastewater on the waterway water quality. In 
addition, three samples before the Hurricane Katrina hit and three samples after the Hurricane 
Katrina hit were collected from the background well to provide an indication of conditions 
outside of the wastewater plume. Before sampling, one liter of groundwater was purged and then 
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100-mL water samples were collected from the monitoring wells and the background well. All 
water samples were stored in an ice chest and immediately brought back to the Louisiana State 
University Water Quality Laboratory for analysis.  
At the study site, in-situ pH, salinity and temperature of groundwater samples were 
measured. In-situ measurements of the raw wastewater and surface water samples included 
temperature, pH and dissolved oxygen. In the lab, fecal coliform (9221 D) and E. coli (9221 F) 
were analyzed for all water samples using the Most Probable Number (MPN) method (APHA 
1998). For data analysis purpose, a detection limit of 2 MPN 100mL-1 was assigned in instances 
where fecal bacteria concentrations were detected to be zero.  
 
2.2.4 Data Analysis 
All parameters were reported based on vector distance. The vector distance was defined 
as the direct path from the point of injection to the base of a given monitoring well. Fecal 
bacteria data were presented by the geometric mean and geometric standard deviation, which 
were averaged over the number of sampling wells with the same vector distance. The arithmetic 
mean and standard error were used for all other parameters. 
The first-order removal equation with background correction was used to describe the 
fecal bacterial migration in the subsurface: 
0( )
kt
t b bC C C C e
−= + −  (2.1) 
where Ct is the fecal bacteria concentration at vector distance t, Cb is the background fecal 
bacteria concentration, C0 is the initial concentration of fecal bacteria in the raw wastewater, and 
k is the first-order removal rate constant. The distance-based removal rate constant allows the 
prediction of fecal bacteria concentrations at various points in the subsurface.  The fecal bacteria 
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concentrations at surface, surfaceC , was estimated using the primary well depth, 4.3 meters in 
Eq.(2.1). The removal efficiency was defined as: 
0
0
surfaceC C
C
η −=  (2.2) 
The performance of the MUS in removing fecal bacteria was evaluated based on Eq. (2.1) 
and (2.2) for current study prior Hurricane Katrina. The fecal bacteria data from previous studies 
between December 2002 to March 2004 (Addo et al. 2006) was retrieved and re-analyzed to 
compared with current study result to show how the MUS bacteria removal efficacy changed 
with operation. To evaluate long-term performance of the MUS in 32 months, the data from 
current and previous studies were lumped and analyzed using Eq. (2.1) and (2.2).  
Statistical analyses (t-tests) were performed at a 5% significance level to compare the 
fecal bacteria change at different vector distances and between the current and previous studies. 
The shellfish harvesting water standard of 14 MPN 100 mL-1 was used as a standard to evaluate 
the MUS efficacy.  
 
2.3 Results and Discussion 
2.3.1 Influent Wastewater, Surface Water and Background Characteristics 
Table 2.1 presents the analysis results of the influent wastewater and bayou surface water 
samples collected from June 9 2005 to August 2, 2006. Data were grouped into sampling events 
before and after Hurricane Katrina (pre-Katrina period from June 9, 2005 to August 29, 2005; 
post-Katrina period from August 29, 2005 to August 2, 2006).   
The geometric mean of pre-Katrina fecal coliform concentrations in the influent 
wastewater was 8.26 × 105  PFU 100 mL-1, which was in the range of typical wastewater (103-
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108 PFU mL-1). However, solids particles were above the typical levels (Metcalf&Eddy et al. 
2003). The surface water in Bayou Segnette waterway was considered hypereutrophic based on 
the nutrient strength during the study period. The pre-Katrina fecal bacteria concentrations were 
23-44 MPN 100 mL-1 which exceeded the shellfish harvesting standard of 14 MPN 100 mL-1. 
This was caused by the discharge of poorly treated wastewater from camps. Due to lack of 
residents after Hurricane Katrina, fecal bacteria levels in Bayou Segnette Canal Waterway 
decreased to 7-8 MPN 100 mL-1, which is within the shellfish harvesting standard. Statistical 
analyses also showed that this value was significantly lower than that of pre-Katrina (p-value = 
0.023 for fecal coliform and 0.030 for E. coli.).   
The geometric mean of fecal bacteria in the background well before Katrina was 11 MPN 
100 mL-1 for fecal coliform and 2 MPN 100 mL-1 for E. coli. After Katrina, it became 3 MPN 
100 mL-1 for fecal coliform and 2 MPN 100 mL-1 for E. coli. All the fecal bacteria 
concentrations were below the shellfish harvesting standard, and there was no distinct difference 
between pre-Katrina and post-Katrina concentrations (p-value > 0.52 for fecal coliform and E. 
coli). This ensured that wastewater did not reach the background well. The geometric mean of 
the fecal coliform and E. Coli in the background well are 6 and 2 MPN 100 mL-1, which were 
used as the background concentration ( bC ) in the background corrected first-order removal 
equation and the baseline to evaluate the MUS performance. 
 
2.3.2 MUS Performance in Removing Fecal Bacteria  
MUS Performance in Current Study 
Among 94 groundwater samples obtained from the monitoring wells before Hurricane 
Katrina, 63 samples (67.0%) and 50 samples (53.2%) were positive for fecal coliform and E. coli, 
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Table 2.1 Influent wastewater and surface water characteristics for the MUS at Bayou Segnette, LA site before and after system 
shutdown 
 
Influent Surface water 
Parameter Units 
Pre-Katrina Post-Katrina Pre-Katrina Post-Katrina 
Typical 
Wastewater
Temperature °C 32.6 ± 3.9 23.8 ± 6.3 32.1 ± 1.8 24.7 ± 6.8  
pH S.U. 6.27 ± 0.17 7.09 ± 0.49 6.60 ± 0.09 6.94 ± 0.37  
DO mg L-1 1.42 ± 0.64 0.40 ± 0.24 5.92 ± 0.76 7.36 ± 1.91  
Fecal Coliforma MPN (100 mL)-1 826,000 ± 4 6.0 ± 3 44 ± 40 8 ± 17 10
3-108 
E. colia MPN (100 mL)-1 826,000 ± 4 6.0 ± 3 23 ± 32 7 ± 9  
TSS mg L-1 838 ± 1200 198 ± 237 / / 120-400 
VSS mg L-1 718 ± 1040 173 ± 203 / / 110-340 
 
aGeometric mean and geometric S.D.;  
BDL: below detection limit;  
/: not analyzed 
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respectively. Forty-two (42) samples (44.7%) for fecal coliform and 35 samples (37.2%) for E. 
coli were above the shellfish harvesting standard of 14 MPN 100 mL-1. Table 2.2 lists the fecal 
coliform and E. coli distribution at different vector distances. The highest fecal bacteria level was 
found within the vector distance of 1.55 m with the fecal coliform in the range of 565 to 1081 
MPN 100 mL-1 and E. coli in the range of 340 to 353 MPN 100 mL-1. They were all far above 
the shellfish harvesting standard. However, beyond the vector distance of 1.55 m, fecal bacteria 
levels decreased dramatically to the range of 3 to 19 MPN 100 mL-1 as shown in Figure 2.3. 
Beyond the vector distance of 2.5 m, fecal bacteria dropped to background levels. This implies 
that a distance of 2.5 m is the minimum required distance for fecal bacteria removal.  
 
Table 2.2 Distribution of fecal bacteria (geometric mean ± geometric standard deviation) at 
different vector distances in subsurface for current and overall studies 
Fecal coliform  (MPN (100 mL)-1) E. Coli  (MPN (100 mL)-1) Vector 
distance 
(m) Current 
study1 Overall
2 Current study1 Overall
2 
Influent 826588 ± 4 164406 ± 6 607094 ± 5 100178 ± 6 
0.96 565 ± 7 532 ± 49 340 ± 5 337 ± 46 
1.55 1081 ± 16 1007 ± 33 353 ± 15 476 ± 35 
1.78 19 ± 12 8 ± 7 4 ± 4 4 ± 5 
3.05 8 ± 5 15 ± 20 10 ± 8 9 ± 14 
4.58 7 ± 5 7 ± 6 3 ± 1 3 ± 2 
6.28 8 ± 3 7 ± 4 6 ± 3 4 ± 4 
1: pre-Katrina in current study (from June 9, 2005 to August 29, 2005) 
2: pre-Katrina in current study (from June 9, 2005 to August 29, 2005) and previous studies (from 
December 2002 to March 2004) 
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Figure 2.3 The fecal bacteria distribution (Geometric mean) versus vector distance in subsurface 
for the current MUS study performed during June 2005 to August 2005, together with the best-fit 
curve based on background corrected first-order removal equation. (a) Fecal coliform  (b) E. coli  
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MUS Performance Comparisons to Previous Studies 
For comparison purposes, fecal bacteria data between December 2002 to March 2004 
(Addo et al. 2006) were reanalyzed using the background corrected first-order removal equation. 
The results showed that minimum distances of 2.5 m and 6.0 m were required for fecal bacteria 
to be completely removed under the operation conditions (injection rate, injection frequency) of 
(0.95 L min-1, 15 min h-1) and (1.9 L min-1, 15 min h-1), respectively (Figure 2.4). The current 
study used a higher injection rate and injection frequency, but the minimum required distances 
for fecal bacteria to be completely treated was equal or shorter than those in the previous studies. 
The current study showed enhanced fecal bacteria removal efficiency compared to the previous 
studies.  
In Table 2.3, the enhanced fecal bacteria removal in the current study also can be seen 
from the first-order removal rate constants, predicted surface concentrations, and required travel 
distances to achieve effluent standard. The first-order removal rate constants were 5.6 m-1 and 6.2 
m-1 for fecal coliform and E. coli, respectively, which are higher than those from previous studies. 
The removal rate constants were used to calculate the distance required to meet the 14 MPN (100 
mL)-1 standard for shellfish harvesting waters and the predicted surface concentration. The 
predicted surface concentration was calculated by using a distance of 4.3 m, assuming the 
wastewater travels straight up from the point of injection to the surface. The predicted fecal 
coliform and E. coli surface concentrations in the current study was 6 and 2 MPN (100 mL)-1, 
which were below the 14 MPN (100 mL)-1 standard for shellfish harvesting waters, and were 
also equal to or lower than the previous study results. The predicted distances to meet the 14 
MPN (100 mL)-1 standard for the current study were 2.1 m and 1.7 m for fecal coliform and E. 
coli, respectively, which are better than those in the previous studies. This difference could be  
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Figure 2.4 The fecal bacteria distribution (Geometric mean) versus vector distance in subsurface 
for the previous MUS study performed during December 2002 to March 2004, together with the 
best-fit curve based on background corrected first-order removal equation. (a) Fecal coliform at 
injection rate and injection frequency of 0.95 L min-1 and 15 min h-1; (b) E. coli at injection rate 
and injection frequency of 0.95 L min-1 and 15 min h-1; (c) Fecal coliform at injection rate and 
injection frequency of 1.9 L min-1 and 15 min h-1; (d) E. coli at injection rate and injection 
frequency of 1.9 L min-1 and 15 min h-1 (raw data from Addo et al. 2006) 
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(fig. cont’d) 
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attributed to the deposition of solid particles from primary wastewater and the accumulation of 
biofilms in subsurface overtime enhanced the filtration and straining processes to remove fecal 
bacteria more effectively. Researchers have found that bacteria and suspended solids can 
accumulate on the surface of porous media and develop biofilms to reduce pore size, thus 
increases bacteria filtration and straining (Krone et al. 1958; Bouwer et al. 1974; Mcdowellboyer 
et al. 1986; Stevik et al. 2004).  
 
Long-term MUS evaluation  
To evaluate the long-term performance of the MUS in removing fecal bacteria at the site 
of Bayou Segnette Canal Waterway, Louisiana, the overall collected fecal bacteria data, 
including current study from June 9, 2005 to August 29, 2005 and previous studies from 
December 2002 to March 2004, were lumped and analyzed by the background correction first-
order removal equation.     
Table 2.2 shows the long-term evaluation of fecal coliform and E. coli concentrations at 
different vector distances for the entire period (from December 2002 to August 2005). Figure 2.5 
plots the best-fit curve based on the background corrected first-order removal equation. The first-
order removal rate constants, predicted surface concentrations, and required travel distances to 
achieve the effluent standard are listed in Table 2.3. It can be see that the predicted surface 
concentration for fecal coliform and E. coli are 6 and 2 MPN 100mL-1, which are below the 14 
MPN 100 mL-1 shellfish harvesting water standard. The required distances to reach this standard 
are 2.1m and 1.8 m for fecal coliform and E. coli, respectively. The MUS performed well in 
removing fecal bacteria in its 32 months operation. The ratios of the predicted surface 
concentrations to influent concentrations for fecal coliform and E. coli were about 1.0×10-5 and 
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2.0×10-5, representing more than 99.99% fecal reduction of the influent concentration. The 
reduction by MUS compared well with the 85.9-99.9 % removal achieved by constructed 
wetlands (Ottova et al. 1997; Merlin et al. 2002; Ran et al. 2004), the 96.6-98.9% removal 
achieved by (Decamp and Warren 2000) in pilot-scale subsurface systems, the 99% removal 
obtained by (Gerba et al. 1999) in subsurface systems, and the 98.2% removal in subsurface flow 
wetland developed by (Thurston et al. 2001). The MUS at this site, which achieved greater than a 
2.1 log reduction (a 99.2% removal) for fecal bacteria within a travel distance of 1 m, is also 
similar to the log reduction seen in other constructed wetland studies: 1.7 log in 0.8 m (Arias et 
al. 2003) and 2 log in 2 m (Quinonez-Diaz et al. 2001).  
 
 
Table 2.3 Comparison of regressed first-order removal rate constant, predicted surface 
concentration, and required travel distance to achieve effluent standard of fecal bacteria in the 
MUS at Bayou Segnette, LA site for current study, previous studies and overall studies 
 
First-order 
rate constant (m-1) 
Predicted surface 
concentration 
(MPN (100 mL)-1) 
Required travel distance 
ranges to achieve 
effluent standard  (m) 
Injection flow 
rate 
(Lpm) 
Injection 
Freq. 
Fecal 
Coliform E. coli 
Fecal 
Coliform E. coli 
Fecal 
Coliform E. coli. 
0.95 15 min h-1 4.5 4.5 6 2 2.0 1.9 
Previous 
1.89 15 min h-1 2.1 1.9 28 15 4.8 4.3 
Current 2.83 30 min h-1 5.6 6.2 6 2 2.1 1.7 
Overall 4.8 4.9 6 2 2.1 1.8 
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Figure 2.5 The fecal bacteria distribution (Geometric mean) versus vector distance in subsurface 
for the overall MUS studies performed during December 2002 to August 2005, together with the 
best-fit curve based on background corrected first-order removal equation. (a) Fecal coliform; (b) 
E. coli 
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2.3.3 MUS Background Recovery 
After the Hurricane Katrina hit Louisiana on August 29, 2005, the MUS stopped 
operation and no wastewater was injected into subsurface due to the loss of power. However, site 
sampling continued for 12 months following system deactivation. A total of 214 samples were 
collected for fecal bacteria analysis post-Katrina. There were 69 samples (32.2%) and 62 
samples (29.0%) positive for fecal coliform and E. Coli, respectively. Among them, only 23 
samples (10.7%) were above the shellfish harvesting standard for both fecal coliform and E. Coli. 
Compared with the analysis results for pre-Katrina (67.0% and 53.2% positive for fecal coliform 
and E. coli, 44.7% and 37.3% above shellfish harvesting standard for fecal coliform and E. coli), 
the fecal bacteria levels in subsurface decreased dramatically after the MUS shutdown, 
indicating that the subsurface environment has recovered from the fecal bacteria loading. 
Figure 2.6 compares the fecal bacteria levels at the certain vector distances before and 
after the system shutdown. It can be seen that the fecal bacteria concentrations before Katrina 
were at high levels at short vector distances (≤ 1.55 m), and exponentially decreased with vector 
distance. After Hurricane Katrina, fecal bacteria concentrations at short distances dropped 
quickly. Statistics analyses (t-test) were performed to compare the difference of fecal bacteria 
levels Pre-Katrina and Post-Katrina.  Results showed that there were distinct differences (p-value 
<< 0.001) between fecal bacteria levels Pre-Katrina and Post-Katrina at short vector distance (≤ 
1.55 m ). However, no distinct differences (p-value > 0.07) were found between fecal bacteria 
levels Pre-Katrina and Post-Katrina for most of the vector distance longer than 1.55 m, except 
the fecal coliform at vector distances of 3.05 m (p-value = 0.005) and 6.28 m (p-value = 0.036), 
and the E. coli at vector distance of 3.05 m (p-value = 0.026).  
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In this study, the fecal bacteria levels in the background well were used as the baseline to 
discuss the subsurface recovery. We evaluated short-term and long-term fecal bacteria recoveries. 
The short-term recovery period is 4 months following the Katrina hit and the long-term recovery 
period is the following 8 months after the short-term period. Comparing to the baseline levels, 
the statistical t-test showed no distinct differences for the short-term and long-term fecal bacteria 
levels, except the E. coli at the vector distance of 1.55 m in long-term period (p-value < 0.004). It 
implies that the subsurface environment can recover completely less than 4 months after the 
system shutdown.  
It is believed that fecal bacteria decay, including natural die-off and predation, is the main 
cause for fecal bacteria concentration returning to the baseline after Katrina. The predation was 
not likely to be an important kinetic for fecal bacteria decrease in this study based on lower fecal 
bacteria concentration in subsurface. Studies indicated that predation may only occur above a 
minimum bacterial concentration, below that predation is little or none (Alexander 1981). 
Natural die-off is the main factor that contributes to the fecal bacteria decay because of the high 
subsurface temperature. Figure 2.7 showed that the subsurface temperature varied seasonally 
between 18°C and 29 °C with an average of 23.3°C. High temperature is generally linked to high 
bacteria decay. Reddy et al. (1981) found that bacteria die-off was about doubled with each 10°C 
rise in temperature between 5°C to 30°C.  
In addition, filtration, straining and adsorption may still take effect on removing fecal 
bacteria in subsurface due to the movement of wastewater in the short-term period after Katrina. 
However, the effect of filtration, straining and adsorption can be neglected when the wastewater 
plume mixed well with groundwater and reached the steady state after a long-term period. Figure 
2.8 shows strong salinity fluctuation before Katrina, indicating the impact on the salinities by  
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Figure 2.6 The fecal bacteria distribution versus vector distance in subsurface before and after 
the MUS shutdown. (a) Fecal coliform; (b) E. coli 
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Figure 2.7 The temperature distribution versus vector distance in subsurface before and after the 
MUS shutdown 
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Figure 2.8 The salinity distribution versus vector distance in subsurface before and after the 
MUS shutdown 
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wastewater injection and wastewater plume movement. In the short-term period after Katrina, 
fluctuation of salinities was still observed because of the movement of wastewater plume in the 
long-term period after Katrina, salinities from different sampling date were similar, implying 
steady stage reached. As shown in Figure 2.8, however, these salinity levels were distinctly 
smaller (p-value << 0.001) than the baseline salinities because large amount of wastewater 
injection into subsurface diluted the background salinity. 
 
2.4 CONCLUSIONS  
The performance of the MUS in removing fecal bacteria from settled raw wastewater and 
background recovering from fecal bacteria loading after it is shut down has been evaluated 
through field studies in Bayou Segnette Canal Waterway, Louisiana. Results showed that the 
fecal bacterial removal efficacy of the MUS was increased after a long time operation. It is 
believed that the filtration and straining of fecal bacteria was enhanced because of deposition of 
solid particles from primary wastewater and the growth of biofilm in subsurface. The MUS 
demonstrated the overall effective removal of fecal bacteria in its 32 months operation. The 
99.99% removal efficiency and more than 2.1 log reduction within a travel distance of 1 m for 
fecal bacteria compared well with other constructed wetlands and subsurface systems. The 
subsurface environment has recovered completely from the MUS fecal bacteria loading in less 
than 4 months after the system shutdown. Natural die-off is believed to be one of the dominant 
processes, together with filtration, straining, and adsorption taking some effect. The salinities in 
subsurface reached the steady stage in 4 to 5 months after the system shutdown. The distinct less 
salinity levels compared to baseline prior to system initiation is explained by wastewater dilution 
and slow groundwater interchange in subsurface due to the existence of silty clay layer.  
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It can be concluded that the MUS performs well in treating fecal bacteria in wastewater, 
and it has little impact on surrounding environment once it is shut down. The MUS can act as an 
effective onsite wastewater treatment alternative in coastal area. 
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Chapter 3: Impact of Salinity on MS-2 Sorption in Saturated Sand Columns – 
Fate and Transport Model  
 
3.1 Introduction 
In the past two decades, the fate and transport of pathogenic microorganisms in porous 
media have been extensively studied due to the concern for potential outbreaks of diseases 
caused by contaminated groundwater. Wastewater effluent, sewage waters, leaking septic tanks, 
private waste disposal systems, and municipal sanitary landfills have been identified as the main 
sources of groundwater contamination (Yates et al. 1985; Zhuang and Jin 2003). It has been 
estimated that 168,000 viral and 34,000 bacterial illnesses occur each year as a result of water 
consumption from contaminated groundwater wells (USEPA 2000).  
To increase the understanding of the fate and transport of pathogenic microorganisms, 
batch, column, and field-scale studies have been conducted to investigate the sorption, 
inactivation, and transport of microorganisms in various porous media (Gannon et al. 1991; 
Bales et al. 1991; Grant et al. 1993; Penrod et al. 1996; Chu et al. 2003; Guan et al. 2003; 
Abudalo et al. 2005; Blanford et al. 2005; Van Cuyk and Siegrist 2007). Research on the viral 
fate and transport has been of particular interest because of its long transport distance and 
potential threat to public health (Berger 1994). It has been shown that the virus type, soil type, 
and solution chemistry can affect the sorption of viruses, where temperature and unsaturated 
conditions are crucial for virus inactivation (Jin et al. 2000; Schijven and Hassanizadeh 2000).  
Most viral fate and transport models in porous media use the advection-dispersion 
equation combined with viral sorption and inactivation processes. The advection and dispersion 
terms describe the spreading of viruses, while the sorption and inactivation terms account for the 
removal of viruses (Schijven and Hassanizadeh 2000). The sorption process can be described by 
 48 
the equilibrium model or the kinetic model. In the equilibrium model, the equilibrium 
distribution of viruses between the solid and aqueous phases is reached rapidly, and this 
distribution is commonly described by the Langmuir or Freundlich isotherms (Yates et al. 1987). 
The kinetic model represents the non-equilibrium distribution of viruses between the solid and 
aqueous phases. This kinetic sorption process can be formulated in terms of a reversible or 
irreversible sorption model. The reversible sorption model describes a two-way process where 
viruses are able to attach to and detach from solid surfaces, whereas the irreversible sorption 
model considers only viral attachment (Schijven and Hassanizadeh 2000; Bhattacharjee et al. 
2002). Under the assumption that the surface of geologic media is geochemically homogeneous, 
only one type of sorption takes effect on the media surface. In this case, equilibrium isotherm 
models (Tim and Mostaghimi 1991; Jin et al. 1997) and one-site kinetic sorption models (Tan et 
al. 1994; Schijven et al. 1999; Keller et al. 2004) were developed. However, it is known that 
patch-wise charge heterogeneity exists on the surface of granular media because of the 
complexity of the crystalline structure of solids and their variable chemical composition, as well 
as surface impurities (Ryan and Elimelech 1996). Several two-site sorption models have been 
developed that consider the coexistence of different sorption on the surface of geologic media, 
including the equilibrium-reversible model (Bales et al. 1991; Bales et al. 1997; Schijven et al. 
2000) and the reversible-reversible model (Schijven et al. 2000; Schijven et al. 2002; Schijven et 
al. 2003). The reversible-irreversible model was also discussed in Bhattacharjee et al. (2002) 
when the release of attached viruses from favorable sites is negligible. In general, two-site 
models have shown better results in modeling viral sorption in real subsurface sediments and 
with complex solution chemistry (Bhattacharjee et al. 2002; Schijven et al. 2002). 
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Ionic strength is one of the important factors in solution chemistry for viral sorption. 
Previous studies have shown that the retention of viruses was enhanced as the ionic strength 
increased (Lance and Gerba 1984; Grant et al. 1993; Penrod et al. 1996). Bales et al. (1991) and 
Redman et al. (1999) also found that bacteriophage, bacterial viruses that are commonly used as 
surrogates for human viruses in adhesion and transport studies, attached more when multivalent 
cations (Ca2+ or Mg2+) were added compared with the monovalent cation (Na+). It is believed 
that ionic strength can affect the thickness of double layers of viruses and geologic media (Lance 
and Gerba 1984; Harvey and Ryan 2004). Furthermore, the presence of multivalent cations can 
build the salt bridge between viruses and geologic media or even alter their charges, thus 
increasing adsorption (Lukasik et al. 2000; Harvey and Ryan 2004). 
Although ionic strength plays an important role in the sorption performance of 
microorganisms, most sorption studies have been conducted in solutions of low ionic strength 
levels, which mimic potable groundwater (Taylor et al. 1981; Lance and Gerba 1984; Gannon et 
al. 1991; Tan et al. 1994; Lukasik et al. 2000). There have been almost no studies in the literature 
investigating the fate and transport of viruses under high ionic strength conditions that are typical 
of the subsurface environment in coastal areas. As a consequence, the fate and transport of 
viruses in coastal aquifers are generally poorly understood. Regarding the fast growing 
population along the coastal areas where access to centralized wastewater treatment facilities is 
not feasible, removal of anthropogenic pollutants through subsurface upwelling can be an 
effective on-site treatment approach. In this regard, coastal management will greatly benefit from 
a better understanding of the salinity impact on viral sorption. 
The objective of this study was to investigate the impact of salinity on the sorption and 
transport of viruses in saturated sand columns. A two-site reversible-irreversible sorption model, 
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coupled with the advection-dispersion equation, was developed to explain the impact of salinity 
on viral sorption. The bacteriophage, MS-2, was selected as a pathogen surrogate due to its 
similar morphology and survival characteristics to some important groups of human viruses, 
such as norovirus (Dawson et al. 2005; Sundram et al. 2002), etc. Previous studies have shown 
that MS-2 generally exhibited weaker sorption behavior than most other viruses and 
bacteriophages, such as polioviruses, echovirus Group 7, and bacteriophage T2, T4, and ФX-
174. MS-2 can be thus used as the worst-case model virus (Schijven and Hassanizadeh 2000; 
You et al. 2003). 
The organization of the paper is as follows. First, one-dimensional column experiments to 
collect MS-2 breakthrough data under different salinity levels are described. Second, a 
reversible-irreversible two-site sorption model for MS-2 is proposed and compared to other 
sorption models in the advection-dispersion-sorption equation. Third, the sorption parameters at 
different salinity levels are estimated by an inverse approach with the sensitivity-equation 
method. Finally, a detailed discussion is provided to explain sorption changes with salinity.  
 
3.2 Experimental Methods 
3.2.1 Column Studies 
Seven continuous-flow, one-dimensional (1-D) column studies were conducted at pH 
7.0±0.5, which is the typical pH in the subsurface of coastal areas, to collect MS-2 breakthrough 
data. The experiments included one fresh water study (salinity = 0 ppt) and six salinity studies 
(salinity = 1, 5, 8, 10, 20, 30 ppt). The temperature was held constant at 25±0.2ºC in a low 
temperature incubator (Thermolyne, Type 4200). Experiments were performed in glass columns 
12.0 cm in length by 1.3 cm in diameter. Prepared sand (TECO-sil® Fused Silica) was used. 
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Chemical analyses provided by the manufacturer showed that Al2O3, Fe2O3, and MgO impurities 
were less than 0.3%. X-Ray diffraction (XRD) analysis on the sand samples indicated that quartz 
was the only detectable crystalline mineral in the sand. The sand was first washed with 10% 
HNO3, 0.5M NaOH, and deionized water, and then oven-dried at 90ºC for 20-24 hours. The 
particle distribution was analyzed after the sand wash. The results showed that the sand sample 
had 24% coarse sand (0.5-2 mm), 11% medium sand (0.25-0.5 mm), 55% fine sand (0.05-0.25 
mm), and 10% silica powder (<0.05 mm). The mean diameter (d50) was 0.13 mm. The sand was 
dry packed into the column at 3-cm intervals up to 12 cm. In each interval, the sand was stirred 
to prevent stratification. The porosity of the packed sand in the column was 37%, and the bulk 
density was 1.7 g cm-3. To avoid MS-2 adsorption, Teflon tubing was used in the system, except 
for a length of PharMed® tubing (MasterFlex® 06485-13) in the pump. 
 Before conducting each experiment, the column was flushed with about 15 pore volumes 
of the MS-2 free background solution and was soaked overnight to establish a fully saturated 
condition. For all salinity experiments, the MS-2 suspension was pumped to the bottom inlet of 
each column for 150 pore volumes using a peristaltic pump. Following this, the MS-2 free 
solution was pumped into the column for 50 pore volumes to elute attached MS-2 on reversible 
sites and unattached MS-2 from the column. For the fresh water experiment, the sand column 
was injected with MS-2 suspension for 30 pore volumes, and then eluted by the MS-2 free 
solution for 50 pore volumes. Before each MS-2 experiment, tracer tests with continuous 
bromide input were carried out for 2.5 pore volumes to obtain data for the estimation of the 
dispersion coefficients. A relatively high velocity of 4.0 1cm min−  (3 minutes per pore volume) 
was used for all experiments to decrease the run time, which avoided the impact of bacteriophage 
death.  Samples of approximately 1 ml were collected from the column effluent using glass vials 
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and stored in an ice chest until analyzed. MS-2 samples were also collected from influent MS-2 
suspension at 50 pore volume intervals to study its growth and inactivation.  
 
3.2.2 Materials, Chemicals and Bacteriophage 
 Bromide (potassium bromide at 60-100 mg/L) was used as a conservative chemical 
tracer to evaluate dispersion and was analyzed by ion chromatography. The saltwater solutions 
were prepared by dissolving synthetic sea salts (Instant Ocean®) in deionized water and allowing 
the solution to come to chemical equilibrium prior to use. The main composition for this 
synthetic saltwater was NaCl (85.9% of the total ions by weight), and other major ions included 
K+, Mg2+, Ca2+,  and SO42- (13.7% of the total ions by weight).  A refractometer was used to 
measure salinity. The pH of the solutions was adjusted to 7.0±0.5 using 0.1M NaOH and/or 0.5 
M HCL. 
  Bacteriophage MS-2 (ATCC 15597-B1) is an icosahedral phage with a diameter of 26.0-
26.6 nm and an isoelectric point (pHiep) of 3.9 (Bales et al. 1993). It was grown and purified in 
Escherichia coli (ATCC 700891). The growth medium was 0.5% trypticase soy agar (TSA), and 
the growth temperature was controlled at 37°C. The MS-2 concentrations in the solutions used 
for the column tests were between 200-400 plaque forming units (pfu) mL-1. Samples were 
assayed for MS-2 using the agar layer method (Adams 1959) within 4 hours after collection. To 
assay MS-2, 0.1 mL of host Escherichia coli culture, and 0.5 mL of the MS-2 sample solution 
collected from the columns were added to 5 mL 0.7% TSA tubes and mixed with a vortex mixer.  
The mixture was then poured onto a 1.5% TSA plate and incubated at 37°C. After 8 to 12 hours, 
the plates were removed and the MS-2 enumerated under a light box.  
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3.3 MS-2 Fate and Transport Modeling 
Given a constant flow rate and constant salinity, the fate and transport processes of MS-2 
can be described by the advection-dispersion-sorption equation (Corapcioglu and Haridas 1985): 
2
2 vB d g
C S C CD R R
t t z z
θ ρ∂ ∂ ∂ ∂+ = − − +∂ ∂ ∂ ∂   (3.1) 
where θ  is the sand porosity, C  is the MS-2 concentration in the aqueous phase (pfu mL-1), S  is 
the MS-2 concentration in the solid phase (pfu g-1), ρB is the bulk density of sand (g cm-3), t and z 
are time (min) and distance (cm), respectively, D is the dispersion coefficient of MS-2 (cm2 min-
1), v is the average pore water flow velocity (cm min-1), and Rd and Rg are the MS-2 decay and 
growth rates (pfu mL-1 min-1). The analysis of samples collected from the influent tank during 
each experiment indicated that MS-2 growth and decay were negligible.    
Kinetic sorption is commonly considered for the local change term B
S
t
ρ ∂∂  in equation  
(3.1) to describe the virus attachment and detachment mechanisms on the surface of sand 
(Schijven and Hassanizadeh 2000). In this study, a two-site sorption model was adopted, which 
includes reversible kinetic sorption (I) and irreversible kinetic sorption (II) in a linear 
combination:   
S S S
t t t
Ι ΙΙ∂ ∂ ∂= +∂ ∂ ∂   (3.2) 
where IS  and IIS  (pfu g-1) are the MS-2 concentrations in the solid phase at reversible kinetic 
sorption sites and irreversible kinetic sorption sites, respectively.  
Reversible kinetic sorption was used to describe MS-2 attachment to and detachment 
from the porous media similar in charge:  
att detB B
S k C k S
t
ρ θ ρ
Ι
Ι Ι Ι∂ = −∂  (3.3) 
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where attk
Ι  is the attachment rate coefficient of the reversible sorption sites (min-1), and detk
Ι  is the 
detachment rate coefficient of the reversible sorption sites (min-1). 
Irreversible kinetic sorption is generally considered to be attachment to media sites 
having an opposite surface charge. On the irreversible sorption sites, the MS-2 sorption process 
can be described by MS-2 attachment to the porous media, whereas the MS-2 detachment is 
negligible. However, these sorption sites are finite, and no MS-2 can be retained when these 
sorption sites are saturated (Lindqvist et al. 1994; Tan et al. 1994): 
att
max
(1 )B
S Sk C
t S
ρ θ
ΙΙ ΙΙ
ΙΙ∂ = −∂  (3.4) 
where attk
ΙΙ  is the attachment rate coefficient of irreversible sorption sites (min-1), and maxS  is the 
maximum adsorption capacity of irreversible sites (pfu g-1). Inactivation of attached MS-2 at 
both sites was assumed to be the same as in the aqueous phase and was negligible in this study.  
The proposed advection-dispersion-sorption equation for MS-2 can then be written as: 
2
2 v
B BC S S C CD
t t t z z
ρ ρ
θ θ
Ι ΙΙ∂ ∂ ∂ ∂ ∂+ + = −∂ ∂ ∂ ∂ ∂  , 0 ≤z ≤ L (3.5) 
where L is the length of the column. At t=0 the initial condition is S=0 and C=0. The Cauchy 
boundary conditions were used for the MS-2 injection time period ( 0  v vD C z C C− ∂ ∂ + = ) and 
the elution time period (  v 0D C z C− ∂ ∂ + = ) at the inlet. A no-flux boundary condition 
( 0C z∂ ∂ = ) was used at the outlet. The advection-dispersion-sorption equation was solved by 
the Crank-Nicholson method, an unconditionally stable finite difference method.   
To compare the proposed two-site reversible-irreversible model with other sorption 
models, this study also considered the one-site reversible model (Saiers et al. 1994; Tan et al. 
1994), the two-site reversible-reversible model (Schijven et al. 2002), and the two-site 
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equilibrium-reversible model (Bales et al. 1991). The one-site reversible model is: 
att det
max
(1 )B B
S Sk C k S
t S
ρ θ ρ∂ = − −∂  (3.6) 
where attk  and detk  are the attachment and detachment rate coefficients (min
-1), respectively, and 
maxS  is the maximum adsorption capacity (pfu g-1). The two-site reversible-reversible model is:  
att detB B
S k C k S
t
ρ θ ρ
Ι
Ι Ι Ι∂ = −∂  (3.7) 
att detB B
S k C k S
t
ρ θ ρ
ΙΙ
ΙΙ ΙΙ ΙΙ∂ = −∂  (3.8) 
where attk
Ι  and detk
Ι  are the attachment and detachment rate coefficients, respectively, of 
unfavorable sites (min-1), and attk
ΙΙ  and detk
ΙΙ  are the attachment and detachment rate coefficients, 
respectively, of favorable sites (min-1). The two-site equilibrium-reversible model is: 
I
PS K C
Ι =      (3.9) 
att detB B
S k C k S
t
ρ θ ρ
ΙΙ
ΙΙ ΙΙ ΙΙ∂ = −∂                                                                                                       (3.10) 
where IPK  is the partition coefficient of equilibrium sorption sites, and attk
ΙΙ  and detk
ΙΙ  are the 
attachment and detachment rate coefficients, respectively, of reversible sorption sites (min-1). 
Both one-site and two-site models were solved by the Crank-Nicholson method using the same 
boundary and initial conditions discussed previously. 
 
3.4 Sorption Parameter Estimation 
The MS-2 sorption parameters =p ( attk Ι , detk ΙΙ , attk ΙΙ , and maxS ) were estimated for each 
salinity level using a gradient-based inverse method to minimize the total squared error between 
the calculated and measured MS-2 concentrations:  
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2
min ( ) obsi i
i
E C C⎡ ⎤= −⎣ ⎦∑p p  (3.11) 
where E is the total squared error between the calculated and measured MS-2 concentrations, 
( )iC p  is the calculated MS-2 concentration given the parameters p , and 
obs
iC  is the measured 
MS-2 concentration. The gradient of E  with respect to p  is:  
2 obsi i i
i
CE C C∂∂ ⎡ ⎤= −⎣ ⎦∂ ∂∑p p . (3.12) 
In the literature, the common approaches to obtain the sensitivity coefficients include the 
influence coefficient method, the sensitivity-equation method, and the variational method (Yeh 
1986). In this study, the number of unknown parameters is much less than the number of 
measured MS-2 data. Thus, the sensitivity equation method is suitable to obtain accurate 
sensitivity coefficients. The sensitivity equations for C∂ ∂p , IS∂ ∂p , and IIS∂ ∂p  are: 
2
2 v
B BC S S C CD
t t t z z
ρ ρ
θ θ
Ι ΙΙ⎛ ⎞ ⎛ ⎞⎛ ⎞ ⎛ ⎞ ⎛ ⎞∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂+ + = −⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎝ ⎠ ⎝ ⎠p p p p p
 (3.13) 
att det
att detB B B
k kS C Sk k C S
t
ρ θ ρ θ ρ
Ι ΙΙ Ι
Ι Ι Ι⎛ ⎞ ∂ ∂∂ ∂ ∂ ∂= − + −⎜ ⎟∂ ∂ ∂ ∂ ∂ ∂⎝ ⎠p p p p p
 (3.14) 
( ) ΙΙ maxΙΙatt
att att 2
max max max
1 (1 )B
CS kS C S S C Sk C k
t S S S
ρ θ θ θ
ΙΙΙΙ ΙΙ ΙΙ
ΙΙ ⎛ ⎞∂⎛ ⎞ ∂∂ ∂ ∂ ∂⎜ ⎟= − + − +⎜ ⎟ ⎜ ⎟∂ ∂ ∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠p p p p p
. (3.15) 
The sensitivity equations, Eqs.(3.13)-(3.15), are similar to the advection-dispersion-
sorption equations, Eqs. (3.3)-(3.5), and were solved using the same numerical codes. The 
sensitivity-equation method was also used to estimate the sorption parameters in the one-site 
model (Saiers et al. 1994; Tan et al. 1994), the two-site model (Schijven et al. 2002), and the 
two-site equilibrium-reversible model (Bales et al. 1991). The BFGS (Broyden-Fletcher-
Goldfarb-Shanno) solver (Byrd et al., 1994) was adopted to solve the least-squared error problem 
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(Eq.(3.11)). The lower bound of 0.001 min-1 and upper bound of 10 min-1 were set for the 
attachment rate and detach rate coefficients, respectively, and the lower bound of 10 pfu g-1 was 
set for the maximum adsorption capacity. 
The correlation coefficient matrix for different salinity levels was calculated to determine 
the dependence of the estimated parameters (Sun et al. 2001): ij ii jjR c c c⎡ ⎤= ⎣ ⎦ , where ijc  is the 
element of the covariance matrix of the estimated parameters, Cov( )p , calculated by the 
following equation:
1
Cov( ) ( )Tp pJ J E M N
−⎡ ⎤≈ −⎣ ⎦p  (Bard 1974), where pJ C= ∂ ∂p  is the 
Jacobian matrix, M  is the number of observations, and N is the number of sorption parameters. 
 Small correlation coefficients imply weak correlations between model parameters. Large 
correlation coefficients indicate strong correlations between model parameters and show a lack 
of independence among estimated parameters.    
  
3.5 Results 
3.5.1 Bromide Breakthrough Data and Dispersion Coefficient Estimation 
The dispersion coefficient of MS-2 was assumed to be the same as the dispersion 
coefficient of a conservative tracer and was estimated using the bromide breakthrough data. Six 
bromide dispersion tests under a wide range of salinity levels were conducted. Figure 3.1 shows 
noticeable deviations between the breakthrough data collected from different salinity tests. As 
bromide was considered to be the conservative tracer, and its transport behavior will not be 
significantly affected by solution chemistry (Zhuang and Jin 2003), this deviation was likely 
caused by a sampling error which was intensified because the sampling time interval was very 
short in this study. The dispersion coefficients under all salinity levels were assumed to be the 
same, and all the bromide data from different salinity levels were lumped together to obtain the 
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dispersion coefficient. The dispersion coefficient was estimated by minimizing the total squared 
error between the measured and calculated bromide concentrations, which was calculated by 
solving the transport equation (3.5) without the sorption term. The dispersion coefficient 
0.93D = cm2 min-1 was obtained, with a variance of 0.28 cm4 min-2. The estimated dispersion 
coefficient was used in the MS-2 fate and transport modeling.  
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Figure 3.1 Measured breakthrough data of bromide and the best fit curve based on the numerical 
model of tracers (solid curve) 
 
3.5.2 MS-2 Breakthrough Data 
MS-2 breakthrough data at different salinity levels are plotted in Figure 3.2. MS-2 
retention and recovery percentages were calculated to compare the extent of retention and 
recovery due to flushing at different salinity levels. The retention percentage is the ratio of the 
total amount of MS-2 retained in the sand column to the total amount of MS-2 input. The 
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recovery percentage is the ratio of recovered MS-2 from the column flushed with the solution 
without MS-2 to the total amount of retained MS-2 in the column. The increased retention and 
decreased recovery percentages along with the increasing salinity shown in Table 3.1 indicate 
that MS-2 is more likely to be retained on the sand at high salinity levels.  
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Figure 3.2 Measured breakthrough data of MS-2 (solid circle) and the best fit curve based on the 
numerical model (solid curve) under different salinity levels (a) 0 ppt, (b) 1 ppt, (c) 5 ppt, (d) 8 
ppt, (e) 10 ppt, (f) 20 ppt, and (g) 30 ppt    
(a) 
(b) 
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(fig cont’d) 
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(fig cont’d) 
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Figure 3.2(a) shows the breakthrough data of MS-2 in the fresh water case. MS-2 
appeared early in the effluent and the relative concentration (C/C0) reached unity at about 2 pore 
volumes. This breakthrough behavior indicates very weak MS-2 adsorption in the fresh water. 
When MS-2 injection was stopped and the flushing continued, the MS-2 concentration dropped 
quickly. The area under the elution portion is the same as that above the injection portion, 
resulting in about 100% recovery percentage of MS-2 in Table 3.1. This indicates that all the 
MS-2 was flushed out after about 2 to 4 pore volumes.  
(f) 
 (g) 
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Table 3.1 Retention percentages and recovery percentages of MS-2 transporting in saturated sand 
column under different salinity levels calculated using the area above the rising limb and area 
below the falling limb of breakthrough curve by numerical integration (the trapezoidal rule) 
Salinity  
0 ppta 1 pptb 5 pptb 8 pptb 10 pptb 20 pptb 30 pptb 
Retention 
Percentage (%) 
2.6 4.2 10.2 45.6 50.8 60.9 65.0 
Recovery 
Percentage (%) 
100c 18.0 7.1 2.5 2.3 2.4 2.2 
a 30 pore volumes MS-2 injection, 50 pore volumes MS-2 flushing. 
b 150 pore volumes MS-2 injection, 50 pore volumes MS-2 flushing. 
c Numerical calculation was 111%. 
 
As shown in Figures 3.2(b) to 3.2(g), the attachment of MS-2 increased dramatically as 
salinity increased. At 1 ppt salinity, the retention percentage of MS-2 was 4.2%, which was 
slightly enhanced compared to the fresh water. When the column was flushed, a recovery 
percentage of 18% was obtained, indicating that a certain amount of MS-2 was retained in the 
sand. This provides evidence that MS-2 sorption was governed by both irreversible and 
reversible kinetics. With the increase of salinity from 1 to 30 ppt, the retention percentage 
increased from 4.2% to 65.0%, while the recovery percentage dropped from 18.0% to 2.2%. It is 
clear that as salinity increased, the adsorption of MS-2 was enhanced and more MS-2 was 
retained in the sand column when flushed by the MS-2 free solution.  
MS-2 breakthrough did not change significantly from 20 ppt to 30 ppt. The calculated 
retention and recovery percentages also showed no distinct difference. This indicates the 
existence of a threshold for salinity, beyond which MS-2 adsorption does not change 
dramatically. 
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3.5.3 Modeling  
The simulated MS-2 breakthrough curves at different salinity levels are presented in 
Figures 2(a) to 2(g). In all cases, good agreement between the experimental data and the 
modeling results is attained, indicating that the proposed model is well suited for MS-2 modeling 
in saturated sand with a wide range of considered salinity levels. 
Table 3.2 lists the least-squares errors of fitting and estimated MS-2 variances using the 
proposed model, the one-site reversible model (Saiers et al. 1994; Tan et al. 1994), the two-site 
reversible-reversible model (Schijven et al. 2002), and the two-site equilibrium-reversible model 
(Bales et al. 1991) at 0 ppt, 1 ppt, 8 ppt, and 30 ppt salinity conditions. At 0 ppt, the four models 
have similar least-squared errors.  At 1 ppt, the proposed model and the one-site reversible model 
fit the data equally well and outperform the other two models. For 8 ppt and 30 ppt, the proposed 
model has the smallest least squared error.  The comparisons of the breakthrough curves are 
shown in Figure 3.3. It can be seen that at 0 ppt, all four models fit the experimental data very 
well, and these models were not distinguishable. The reason for the similarity in the model 
estimations is the fact that MS-2 sorption is very weak, resulting in the bacteriophage behaving 
like a conservative tracer.  The sorption terms in each model can be neglected and all models 
become the same. As salinity increases, both reversible and irreversible sorption were enhanced. 
At 1 ppt salinity, the two-site reversible-reversible and two-site equilibrium-reversible models 
failed to fit the experimental data because the irreversibility and sorption capacity of the sand 
were not considered. At 8 ppt and above, the rapid drop and low MS-2 concentrations at the tails 
indicate the existence of reversible and irreversible sorption sites in the sand. The one-site 
reversible model only considered the reversible sorption, and thus over-predicted MS-2 
concentrations at the elution portion of the breakthrough. Again, the two-site reversible-
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irreversible model described all the MS-2 breakthrough data well across a wide range of salinity 
levels. 
 
Table 3.2 Calculated variances between experimental data and modeling results 
 Proposed model One-site reversible model
Two-site 
reversible-
reversible model 
Two-site 
equilibrium-
reversible model
No. of parameters 4 3 4 3 
Salinity = 0 ppt 
Total squared errors 292269 293238 293240 302243 
Estimate variances 11691 11278 11730 11625 
Salinity = 1 ppt 
Total squared errors 26045 25997 65027 65409 
Estimate variances 868 839 2168 2110 
Salinity = 8 ppt 
Total squared errors 5994 9334 94509 93163 
Estimate variances 272 406 4296 4051 
Salinity = 30 ppt 
Total squared errors 11482 20545 225400 230513 
Estimate variances 370 642 7271 7204 
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Figure 3.3. Measured breakthrough data of MS-2, the best fit curves based on the one-site 
reversible model, the two-site reversible-reversible model, the two-site equilibrium-reversible 
model, and the proposed two-site reversible-irreversible model for different salinity levels  (a) 0 
ppt, (b) 1 ppt, (c) 8 ppt, and (d) 30 ppt 
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The estimated sorption parameters for the proposed two-site reversible-irreversible model 
at different salinity levels are listed in Table 3.3.  The relationship between the sorption 
parameters and the salinity was developed using the generalized logistic curve (Richards 1959): 
3 4( )
1 2 1 salt
Cp e λ λλ λ − −⎡ ⎤= + +⎣ ⎦ , where p  is one of the sorption parameters, and 1λ , 2λ , 3λ , and 4λ  
are curve parameters whose values are listed in Table 3.4 for different salinity levels. On 
reversible sorption sites, the attachment coefficient ( attk
Ι ) increased with salinity, whereas the 
detachment coefficient ( detk
ΙΙ ) decreased. This caused the MS-2 to attach faster and detach slower 
when salinity increased. On irreversible sorption sites, both the attachment coefficient ( attk
ΙΙ ) and 
the maximum retention capacity ( maxS ) increased with salinity, implying that MS-2 attains 
greater coverage and adsorbs more rapidly with increased salinity.  
The simulated attached MS-2 concentrations on the reversible and irreversible sites at the 
outlet are plotted in Figure 3.4. In general, the MS-2 concentrations on both the reversible and 
irreversible sorption sites increased with salinity. However, on the rising limb of the MS-2 
breakthrough curve (MS-2 injection from 0 to 150 pore volumes), the adsorbed MS-2 
concentration on the irreversible sites was significantly larger than the reversibly adsorbed MS-2, 
indicating that MS-2 retention was mainly governed by irreversible sorption under a high salinity 
condition.  
The correlation coefficient matrices for the four sorption parameters at three different 
salinity levels (0 ppt, 8 ppt and 30 ppt) are: 
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att det att max
1.00 1.00 0.43 0.12att
1.00 1.00 0.45 0.12det
0.43 0.45 1.00 0.41att
0.12 0.12 0.41 1.00max
salinity 0 ppt
K K K S
K
K
K
S
Ι Ι ΙΙ     
Ι ⎛ ⎞−⎜ ⎟⎜ ⎟Ι ⎜ ⎟−⎜ ⎟⎜ ⎟ΙΙ −⎜ ⎟⎜ ⎟⎜ ⎟− − −⎝ ⎠
=   
        
     
att det att max
1.00 0.90 0.00 0.01att
0.90 1.00 0.02 0.02det
0.00 0.02 1.00 0.21att
0.01 0.02 0.21 1.00max
        salinity = ppt
K K K S
K
K
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S
Ι Ι ΙΙ     
Ι ⎛ ⎞⎜ ⎟⎜ ⎟Ι ⎜ ⎟⎜ ⎟⎜ ⎟ΙΙ ⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠
8  
       
       
att det att max
1.00 0.88 0.04 0.01att
0.88 1.00 0.01 0.02det
0.04 0.01 1.00 0.42att
0.01 0.02 0.42 1.00max
        salinity = 30 ppt
K K K S
K
K
K
S
Ι Ι ΙΙ     
Ι ⎛ ⎞−⎜ ⎟⎜ ⎟Ι ⎜ ⎟−⎜ ⎟⎜ ⎟ΙΙ − −⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠
  
        
. (3.16) 
The matrices show that the sorption parameters on reversible sites are strongly correlated at low 
salinity levels, making it difficult to estimate these two parameters independently. However, the 
correlation of these two sorption parameters on reversible sites decreases when the salinity 
increases. There are no strong correlations between the four sorption parameters, and they can be 
estimated simultaneously with small estimation uncertainty at high salinity concentrations.  
 
3.6 Discussion  
The retention of microorganisms in porous media has been attributed to several 
mechanisms: straining or filtration at pore constrictions, sorption onto the surface of sediments, 
sedimentation in the pores, interception, systematic and random motion, and growth and die-off 
(Corapcioglu and Haridas 1984). Because of their small size, the main retention mechanism for 
viruses is sorption. The sorption process is dominated mainly by electrostatic forces, which can 
be described by Derjaguin-Landau-Verwey-Overbeek (DLVO) theory (Ryan and Elimelech 
1996). In this theory, the interaction force between double layers of viruses and medium 
particles, the London-van der Waals attraction forces, and other poorly characterized short-range 
“non-DLVO” forces, were considered to take effect together on the interface between the virus 
and the media. The interaction force between double layers arises from the overlap of diffuse 
clouds of ions that accumulate near charged surfaces to balance the surface charge. The 
interaction force will be repulsive or attractive, depending on the charges of  interacting surfaces. 
 69 
Table 3.3 Identified sorption parameters of MS-2 transport in saturated sand column under 
different salinity levels 
Salinity 
Sorption Parameters 
0 ppt 1 ppt 5 ppt 8 ppt 10 ppt 20 ppt 30 ppt
attK
Ι  (min-1) 0.001a 0.001a 0.023 0.25 0.29 0.19 0.23 
Reversible 
site 
detK
Ι  (min-1) 10u 10u 0.19 0.62 0.67 0.55 0.4 
attK
ΙΙ  (min-1) 0.004 0.26 0.64 1.7 2.3 1.8 2.70 
Irreversible 
site 
maxS  (pfu  g
-1) 10a 358 911 2905 4457 5293 5499 
a Lower boundary value    u Upper boundary value 
Table 3.4 Parameters used to best fit identified sorption parameters with the generalized logistic 
curve 
Sorption Parameters 1λ  2λ  3λ  4λ  
attK
Ι  (min-1) 0.001 0.26 1.8 6 
Reversible 
site 
detK
Ι  (min-1) 0.4 9.6 -2.5 3 
attK
ΙΙ  (min-1) 0.004 2.3 0.6 6 
Irreversible 
site 
maxS  (pfu  g
-1) 10 5490 0.6 7.5 
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Figure 3.4 Simulated attached MS-2 concentration of solid phase. (a) reversible site;  (b) 
irreversible site 
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Its strength can be affected by the chemistry of the surrounding solution. The London-van der 
Waals force, which arises from electrostatic attraction between temporary fluctuating dipoles in 
the molecules, is always attractive, but fairly weak. It depends on the nature of the interacting 
material and will not be affected by the surrounding solutions. The short-range “non-DLVO” 
forces may include steric repulsion, hydrophobic attraction, hydration forces, and other forces 
that take effect at very near distances (Harvey and Ryan 2004). They are poorly characterized so 
far and may account for the uncertainty of virus sorption behavior.        
Virus surface charge is often characterized by the isoelectric point (pHieq), the pH at 
which the net surface charge is zero in a certain solution. Above the pHieq, the number of ionized 
carboxyl groups (RCOO-) exceeds the number of ionized amino groups (R-NH3+) on the surface 
of the protein capsid, which results in negatively charged viruses (Harvey and Ryan 2004). As 
the pHiep of MS-2 is 3.9, it is negatively charged in the neutral solution (pH = 7).  The surface 
charge of the geologic media is mainly derived from the minerals with an amphoteric functional 
group, whose proton exchange behavior is strongly pH dependent and can also be characterized 
by pHieq. The sand used in this experiment is negatively charged at the neutral condition due to 
its low pHieq (about 2 for quartz). As a consequence, the interaction force between MS-2 and the 
sand is repulsive at pH = 7 and the sand surface is considered unfavorable for MS-2 adsorption. 
The retention of MS-2 is the balanced result of the interaction force of double layers and 
London-van der Waals force. It should be very weak and reversible. However, the patch-wise 
charge heterogeneity may exist on the surface of sand because of possible surface bounded 
impurities. Chemical analysis provided by the manufacturer showed some impurities, such as 
Al2O3, Fe2O3, and MgO, contained in this sand. Jin et al. (1997) also found detectable levels of 
iron oxide contained in commercial Ottawa sand and attributed the removal of bacteriophage 
 72 
ФX-174 to the existence of this positively charge patch. In this research, these positively charged 
patches provide few electrostatically favorable sites for MS-2 adsorption. Once MS-2 is attached, 
the attractive force will prevent it from detaching, and this retention is irreversible. In fresh 
water, this attractive interaction force is not strong enough and the MS-2 sorption process is 
mainly governed by reversible sorption sites of sand. Therefore, the MS-2 breakthrough showed 
very weak sorption in the fresh water case. The MS-2 appeared early and rapidly reached a peak, 
indicating that it was weakly retained. When flushed with MS-2 free solution, all the MS-2 was 
eluted, showing no irreversible sorption. Negligible sorption of MS-2 in porous media has also 
been reported by other researchers (Bales et al. 1993; Jin et al. 1997).  
Salinity (ionic strength) is an important factor that can affect the adsorption of MS-2 onto 
the sand. It can shield electronic charges of both MS-2 and the sand, thereby controlling the 
extent to which double layers extend from the surface into the bulk solution (Barrow 1987; Jones 
and O'Melia 2000). This effect should be discussed separately for reversible sorption sites and 
irreversible sorption sites. On reversible sorption sites, salinity can shield the same negative 
charges of MS-2 and sands, thus compressing the double layers formed between them. The net 
repulsive interaction force between MS-2 and the sand then decreases. The sorption process is 
more dominated by the attractive London-van der Waals force. Furthermore, multivalent cations 
(Mg2+, Ca2+), which commonly exist in saltwater, can link viruses and adsorbents of like charge 
by forming salt bridges between them (Atkinson and Bingman 1998; Moore et al. 1981). On 
reversible sites, the MS-2 attachment rate is enhanced and the MS-2 detachment rate is reduced 
when salinity increases. This trend was revealed in the simulated adsorbed MS-2 concentrations 
(Figure 3.4).  
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On irreversible sorption sites, the effect of salinity on MS-2 sorption is ambiguous. On 
one hand, increased salinity may shield opposite electronic charges of MS-2 due to sand surface   
impurities. The attractive double layers between them are then expanded, and the attractive 
interaction force decreases. The sorption of MS-2 is expected to decrease on these sites. Zhuang 
and Jin (2003) reported that the sorption of negatively charged MS-2 onto the positively charged 
Al-oxide coated sand decreased when the ionic strength increased. On the other hand, high 
salinity may reverse the negative charge of silica powder into a positive charge, thereby turning 
the reversible sorption sites into irreversible sites. The charge reversal from negative to positive 
on the surface of silica powder under high ionic strength has been reported in previous research 
(Suhara et al. 1996; Xu et al. 2003). It was explained that specific adsorption of Na+, Ca2+, or 
Mg2+ took place on the negatively charged silica powder surface because of its high specific 
surface area. This specific adsorption can decrease the negative charge strength or even reverse 
the charge from negative to positive with the increase of ionic strength. In this study, the effect 
of charge reversal is dominant over the charge shielding effect on MS-2 sorption, and the salinity 
increases MS-2 adsorption onto the irreversible sorption sites. The increased MS-2 retention on 
irreversible sites was consistent with the breakthrough data and simulated MS-2 concentrations 
at solid phase. Over all, high salinity will increase MS-2 adsorption on both reversible and 
irreversible sorption sites.  
 However, above a certain salinity level (20 ppt in this research), both reversible and 
irreversible sorption did not change distinctly with increasing salinity. This may be because the 
sand reached its sorption capacity at the salinity above 20 ppt. Although salinity kept increasing 
above 20 ppt, the sorption parameters can not change significantly, resulting in MS-2 sorption 
that does not increase dramatically in the sand columns.  
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3.7 Conclusions 
The sorption of MS-2 is governed by two types of sorption sites (reversible and 
irreversible) on the sand surface. The sorption of MS-2 in fresh water is dominated by reversible 
sorption sites, and the sorption is very weak because of negatively charged surfaces of both the 
MS-2 and the sand. The sorption of MS-2 in saltwater is significantly enhanced on both types of 
sites. On reversible sorption sites, salinity compresses double layers of MS-2 and the sand, thus 
increasing MS-2 sorption. In addition, salinity turns some portion of the reversible sorption site 
of the silica powder into an irreversible sorption site by reversing its surface charge, thus 
enhancing MS-2 sorption. 
The proposed two-site reversible-irreversible sorption model in the advection-dispersion-
adsorption equation is capable of describing the fate and transport of MS-2 in saturated sand with 
a wide range of salinity levels. Correlation analysis between model parameters showed that 
sorption parameters can be estimated simultaneously with low uncertainty at high salinity 
conditions using an inverse approach. We found that increasing salinity increases the attachment 
rate and decreases the detachment rate on the reversible sites. Also, increasing salinity increases 
the attachment rate and the maximum absorption capacity on the irreversible site. This proposed 
two-site reversible-irreversible model outperforms three previously reported models (a one-site 
reversible model, a two-site reversible-reversible model, and a two-site equilibrium-reversible 
model) at high salinity levels. This model can be used in a wide range of salinity levels, and can 
help predict the fate and transport of viruses in saline groundwater. 
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Chapter 4: Effects of Salinity and Soluble Organic Matter on MS-2 Sorption 
in Saturated Sand and Sandy Soil  
 
4.1 Introduction 
In the past two decades, numerous batch, column, and field-scale studies have been 
conducted to investigate microorganism fate and transport in different porous media (Bales et al. 
1991; Grant et al. 1993; Jin et al. 1997; Schijven et al. 2002; Abudalo et al. 2005; Blanford et al. 
2005; Collins et al. 2006; Cheng et al. 2007). Among them, research on viral transport has been 
of particular interest because of its long transport distance and potential threat to public health. 
Bacteriophages were widely employed as the surrogates for human viruses based on their 
obvious advantages: similar size to viruses, non-pathogenic to human, specific to host bacteria, 
simple and rapid to assay, and good survival characteristics (Van Cuyk and Siegrist 2007). 
Research indicated that fate and transport of viruses was mainly governed by interface forces 
between viruses and geologic media, and such forces were affected dramatically by virus and 
soil type, and the chemistry of surrounding solution (Jin et al. 2000; Schijven and Hassanizadeh 
2000). 
Ionic strength is one of the important solution chemistry factors for viral sorption via 
influencing the electrostatic interactions between viruses and geologic media. Previous studies 
have shown that the retention of viruses was enhanced as the ionic strength increased (Lance and 
Gerba 1984; Grant et al. 1993; Penrod et al. 1996). Ionic strength can affect the thickness of 
double layer formed between viruses and geologic media (Lance and Gerba 1984; Harvey and 
Ryan 2004). Furthermore, the presence of multivalent cations can build a salt bridge between 
viruses and geologic media or even alter their charges, thus increasing adsorption (Lukasik et al. 
2000; Harvey and Ryan 2004).  
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The presence of organic matter, both in the aquatic and mineral-bound phases, is another 
important factor that can affect viral fate and transport. Researches have shown that organic 
matter played an important role in the interaction between viruses and geologic media. On one 
hand, many studies (Moore et al. 1981; Gerba 1984; Powelson et al. 1991; Pieper et al. 1997; 
Zhuang and Jin 2003a; Bradford et al. 2006) have shown that organic matter can enhance viral 
transport by providing additional negative charges, covering existing positively charged sites, 
competing with viruses for the same binding sites, disrupting hydrophobic bonds between 
viruses and geologic media, or lowering viral inactivation. On the other hand, other studies 
indicated that organic matter can facilitate viral adsorption by promoting hydrophobic interaction 
between viruses and geologic media (Bales et al. 1993; Kinoshita et al. 1993). A few researches 
have also shown no distinct effect of organic matter on viral transport (Gerba and Lance 1978; 
Cheng et al. 2007). In general, the contradicting results of organic matter effects reveals the 
complex interaction among viruses, organic matter and geologic media, and it may be 
responsible for considerable uncertainty in predicting virual removal (Schijven and Hassanizadeh 
2000). 
Although numerous research studies have been performed to investigate the effects of 
ionic strength and organic matter on the sorption of viruses in different geologic media, most of 
them focus only on the conditions of low ionic strength levels and low soluble organic matter 
(SOM) concentrations to mimic the characteristics of potable groundwater. There are almost no 
studies reported in literature that investigate the fate and transport of viruses with high SOM 
under high ionic strength levels, conditions that exist in coastal area when wastewater is treated 
by subsurface flow wetlands. Our previous study has tested the effect of different salinity levels 
on the sorption of bacteriophage MS-2 in sand columns (Cao et al. 2007). The results showed 
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that salinity could increase MS-2 attachment by compressing double layers on reversible sorption 
sites, and changing reversible sorption sites into irreversible sorption sites by reversing charges 
on the surface of sand particles, e.g., silica powder. To better understand the fate and transport of 
viruses in wastewater in coastal subsurface, the impact of SOM should be examined further.    
The objective of this study was to investigate the influence of high SOM and different 
salinity levels on MS-2 transport in sand and soil columns. One-dimensional column tests were 
conducted to examine the sorption and transport of MS-2 under different salinity levels, in the 
absence and presence of SOM. The experimental results were analyzed with a reversible-
irreversible two-site model and detailed discussion was provided to explain the sorption changes 
with SOM and salinity.  
 
4.2 Experimental and Modeling Methods 
4.2.1 Geologic Media 
The geologic media selected for this study was pure sand and sandy soil. The sand was 
commercial TECO-sil®Fused Silica, and the sandy soil was prepared by mixing the commercial 
sand with the soil, which was collected from Bayou Segeette State Park, Louisiana. X-ray 
diffraction analyses showed that quartz, illite, smectite, kaolinite and chlorite are the main 
minerals in the soil, while quartz is the only mineral in the sand (Figure 4.1). Particle distribution 
analyses showed that the sand sample contained 24% coarse sand (0.5-2 mm), 11% medium sand 
(0.25-0.5 mm), 55% fine sand (0.05-0.25 mm), and 10% silica powder (<0.05 mm). The soil was 
mixed with the sand (sandy soil) to obtain the similar particle distribution and the mixture had 
30% coarse sand, 5% medium sand, 56.5% fine sand, 4.5% silt (0.002-0.05 mm) and 4% clay 
(<0.00 2mm). The mean diameters (d50) of the sand and the sandy soil were 0.13 mm and 0.16 
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mm, respectively. The total organic carbon content of sandy soil was measured to be 0.98%. The 
porosities for the sand and sandy soil were 37%. The sand was washed with 10% HNO3, 0.5M 
NaOH and nanopure water, then oven-dried at 90ºC for 20-24 hours prior to mixing with the soil 
and packing into the column.  
 
4.2.2 Tracer and Chemicals 
 Potassium bromide was used as a conservative chemical tracer to evaluate flow 
dispersion in the column. It was prepared in the concentration of 60-140 mg/L and diluted 10 
times to be analyzed by Ion Chromatography. Instant Ocean® sea salt was used to adjust the 
salinity applied in the experiment. The salt was dissolved in deionized water to get the salinity of 
210 ppt and was kept in a container to allow the solution to come to chemical equilibrium prior 
to use. The supernatant fluid was collected and diluted with deionized water to achieve the 
desired salinity used in the experiments. The soluble organic matter (SOM) was prepared with 
5.84g Dextrose, 5.84g glutamic acid, 26 mL Algal Culture Formula Part A (Kent®), 0.43g 
sodium phosphate, 1.55g ammonium chloride per liter of deionized water to obtained a COD of 
15,000 mg L-1. A diluted COD of 831 ± 45 mg L-1 (Mean ± Standard Deviation) was used in 
experiments. The salinity was measured using a refractometer. Spectrophotometry (HACH 
DR/4000U) was used to measure COD to represent SOM strength. 0.1M NaOH and 0.5 M HCL 
were used to adjust the pH of the solution used in experiments within 7.0±0.5, which is the 
commonly encountered pH in subsurface of coastal area.  
 
4.2.3 Bacteriophage and Assays 
Baceriophage MS-2 (ATCC 15597-B1) was selected as a pathogen surrogate based on its 
similar morphology and survival characteristics to human enteric viruses, including poliovirus  
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(a) 
 
(b) 
 
(c) 
Figure 4.1 The X-ray diffraction curve of geologic media. (a) quartz in sand sample; (b) quartz 
and clay in soil sample; (c) illite, smectite, kaolinite and chlorite in clay sample 
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and norovirus (Sundram et al. 2002; Dawson et al. 2005; Van Cuyk and Siegrist 2007). MS-2 is 
an icosahedral single-stranded RNA coliphage with a diameter of 26.0-26.6 nm and pHiep of 3.9 
(Bales et al. 1993). It was grown and purified in Escherichia coli (ATCC 700891) to a titer of 
1012 plaque forming unit (pfu) mL-1 and stored at 8 oC. The MS-2 stock was diluted to 200-400 
pfu mL-1 for use in the column experiments. Samples were assayed to evaluate MS-2 
concentrations using the agar layer method (Adams 1959) within 4 hours after collection.  
Briefly describing, 0.1 mL of host Escherichia coli culture and 0.5 mL of MS-2 sample solution 
were added to 5 mL 0.7% trypticase soy agar (TSA) tubes and mixed with a Vortex mixer.  The 
mixture was then poured to a 1.5% TSA plate and incubated at 37 oC.  After 8 to 12 hours, the 
plates were pulled out and enumerated under a light box.  
 
4.2.4 Experimental Setup 
The column system used in this study consists a 12-cm-long, 1.3-cm-diameter glass 
column and two acrylic plates on the top and bottom of the column. The column and plates were 
sealed with Epoxy glue. A nylon screen was placed on the top and at the bottom of the column to 
prevent geologic media from being flushed or settling down from the column. To avoid MS-2 
adsorption, Teflon tubing was used in the system except for a length of PharMed® tubing 
(MasterFlex® 06485-13) in the peristaltic pump. Preliminary blank experiments determined that 
the column and tubing did not inactivate or adsorb MS-2. All the experiments were carried out at 
25±0.2 ºC in a low temperature incubator (Thermolyne, Type 4200). Each time, the column was 
packed with geologic media at a 3-cm interval up to overall 12 cm. In each interval, the sand was 
stirred to prevent stratification, and the column was tapped gently to get the final bulk density of 
1.7 g cm-3.  
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4.2.5 MS-2 Transport Experiments 
Twenty-two continuous-flow, one-dimensional (1-D) column experiments were 
performed under saturated flow conditions. Among them, seven column tests, including one 
fresh water study (MS-2 suspended in fresh water) and six salinity studies (MS-2 suspended in 
different saline water salinities of 1, 5, 8, 10, 20, 30 part per thousand (ppt)), were conducted to 
investigate the effect of salinity on the sorption of MS-2 in sand. Four column experiments were 
performed to test the MS-2 sorption in fresh water and three different salinity levels (salinity = 
10, 20, 30 ppt) in the sandy soil. After that, another eleven column experiments were repeated by 
adding SOM (Chemical Oxygen Demand = 831 ± 45 mg L-1) into fresh water and saline water 
(salinity levels are the same as salinity experiments above) to examine the interaction of SOM 
and salinity on MS-2 sorption in sand and sandy soil columns. Before beginning each 
experiment, the column was flushed with about 20 pore volumes (PV) of the solution used in the 
experiment to establish fully saturated and steady-state flow conditions. In each column 
experiment, the MS-2 solution was first applied to columns for certain PV (150 PV for salinity 
and salinity/SOM test in sand, 30 PV for fresh water and fresh water/SOM test in sand, 30 PV 
for all tests in sandy soil). The column was then flushed in two stages. During the first stage, the 
columns were flushed with 50 PV of MS-2 free solutions. In the second stage, which 
immediately followed the first flush, the columns were flushed by another 50 PV of deionized 
water. However, we did not conduct the second stage flushing in the sandy soil tests due to 
clogging problems.  
Before each MS-2 experiment, the tracer test with continuous bromide input was carried 
out for 2.5 PV to evaluate dispersion coefficients for the sand and sandy soil. The velocity was 
controlled at 4.0 cm min-1 (3 minutes (pore volume)-1) for all experiments. Samples were 
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collected from the column effluent using glass vials and stored in the refrigerator. MS-2 samples 
were also collected from MS-2 solution used in the experiment at 50 PV intervals to study its 
inactivation behavior. Bromide and MS-2 data of different column tests were analyzed to 
estimate the dispersion coefficient of the column and describe the sorption behavior of MS-2 
under different salinity and SOM levels. 
 
4.2.6 Conceptual Model and Parameters Identification 
The fate and transport mechanisms of MS-2 in one-dimensional columns can be 
described as advection, dispersion, sorption and inactivation in both the aqueous and solid 
phases. In our previous study, the two-site, reversible-irreversible sorption model was shown to 
outperform other sorption models to predict the sorption behavior of MS-2 under salinity effects 
(Cao et al. 2007). The two-site, reversible-irreversible model portrays two types of sites for 
attachment and detachment. On the reversible sorption sites, porous media have the same charge 
as MS-2 and the sorption can be described as attachment and detachment. On the irreversible 
sorption sites, the porous media charge is opposite to that of MS-2. The detachment can be 
neglected and the sorption process is governed only by the attachment. The inactivation test in 
this study showed the decay of MS-2 phage to be negligible. This was also verified by other 
researcher’s virus-survival experiment (Bales et al. 1989) that MS-2 inactivation was 0.101-
0.184 log10 day-1 at the temperature of 20 to 23 oC for 30 days period and the inactivation can be 
considered not significant during the 1 to 3 day duration of experiments. Given a constant flow 
rate and constant but varying salinity and SOM levels in each test, the governing equations for 
the fate and transport of MS-2 in the column are as follows: 
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where θ  is the porosity; C  is the MS-2 concentration in the aqueous phase (pfu mL-1); ρB is the 
bulk density of sand (g cm-3); IS  and IIS  (pfu g-1) are the MS-2 concentrations in solid phase at 
reversible kinetic sorption sites and irreversible sorption sites, respectively; D is the dispersion 
coefficient of MS-2 (cm2 min-1); v is the average pore water flow velocity (cm min-1), t and z are 
time (min) and distance (cm), respectively; attk
Ι and detk
Ι are the attachment rate and detachment 
rate coefficients at the reversible sorption sites (min-1); attk
ΙΙ is the attachment rate coefficient on 
irreversible sorption sites (min-1); maxS  is the maximum adsorption capacity of irreversible sites 
(pfu g-1). 
These equations are subject to inlet (bottom of the column, z = 0) boundary conditions of 
0  ( / )D C z v C v C− ∂ ∂ + =  for the MS-2 injection process and  ( / ) 0D C z v C− ∂ ∂ + =  for the MS-2 
free solution flushing process. The outlet (top of the column, z = L) boundary condition is 
/ 0C z∂ ∂ = . The initial conditions are zero concentration for MS-2 in the aqueous and solid 
phases throughout the column.  
The fate and transport equation coupled with the sorption equations and initial-boundary 
conditions were solved by the Crank-Nicholson method. The MS-2 sorption parameters 
=p ( attk Ι , detk ΙΙ , attk ΙΙ , maxS ) were identified using the sensitivity-equation method and BFGS 
(Broyden-Fletcher-Goldfarb-Shanno) solver (Byrd et al., 1994)  to solve the least-squares error 
between the calculated MS-2 concentrations and measured MS-2 data. 
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4.3 Results and Discussion 
4.3.1 Bromide Breakthrough Data and Dispersion Coefficient Estimation 
This study utilized the bromide breakthrough data to estimate the dispersion coefficient 
of MS-2. Since the breakthrough behavior of bromide was not significantly affected by solution 
chemistry (Zhuang and Jin 2003b), the same dispersion coefficient was used for all salinity and 
SOM conditions in this study. A least-square method was used to estimate the dispersion 
coefficients by minimizing the sum of the squares of errors between the measured and calculated 
bromide concentrations. The bromide concentrations were simulated by solving the mass 
transport equation (Eq.(4.17)) without the sorption term. The best fitted bromide breakthrough 
curves for sand and sandy soil columns are shown in Figure 4.2. The estimated dispersion 
coefficients were 1.88 cm2 min-1 for the sand column and 2.69 cm2 min-1 for the sandy soil 
column. 
 
4.3.2 Effect of Salinity and SOM on MS-2 Sorption in the Sand Column 
The measured MS-2 breakthrough data in the sand column under different salinity levels 
with the absence and presence of SOM are plotted in Figures 4.3 and 4.4, respectively. Table 4.1 
list the MS-2 retention and recovery percentages in the sand column. The retention percentage is 
the ratio of total amount of MS-2 retained in the column to the total amount of MS-2 input. The 
recovery percentage Ι is the ratio of the recovered MS-2 via flushing with MS-2 free solution at 
the first flushing stage to the total amount of retained MS-2 in the column. The recovery 
percentage II is the ratio of the recovered MS-2 via flushing with deionized water at the second 
flushing stage to the total amount of retained MS-2 in the column. Table 4.1 showed the trend 
that increasing salinity increased MS-2 retention and decreased MS-2 recovery. In other words, 
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MS-2 was more likely to attach to the sand at high salinity levels. However, the presence of 
SOM decreased MS-2 retention and facilitated MS-2 transport in sand. 
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Figure 4.2 Measured bromide breakthrough data (average ±standard deviation) and the best fitted 
curve (solid line). (a) sand; (b) sandy soil 
 
 86 
0
0.2
0.4
0.6
0.8
1
1.2
1.4
0 10 20 30 40 50 60 70 80
Pore volume
C
/C
0
 
(a) salinity = 0 ppt 
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Figure 4.3 Measured breakthrough data of MS-2 (solid circle) and simulation results from two-
site reversible-irreversible sorption model (solid curve) at different salinity levels in absence of 
soluble organic matter in sand column 
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(e) salinity = 10 ppt 
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Effect of Salinity  
The effect of salinity on enhancing MS-2 retention can be observed in Figures 4.3(a) to 
4.3(g). In Figure 4.3(a), MS-2 in the fresh water showed very weak sorption to the sand. When 
the column started to flush with MS-2 free deionized water after 30 pore volumes, the MS-2 
concentration dropped quickly. The recovery percentage I was about 100%. The breakthrough 
data implied MS-2 as a conservative tracer in 0 ppt solution environment. The time to maximum 
concentration at 0 1C C =  increased from 30 to 140 pore volumes (Figure 4.3(b) to 4.3(g)) and 
the retention percentage increased to from 4.2% to 65.0% (see Table 4.1) for salinity increased 
from 1 to 30 ppt. When the column was flushed with salt water only (first stage), the MS-2 
concentration dropped as quickly as in the deionized water.  
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The recovery percentage Ι decreased from 18.0% to 2.2% as the salinity increased from 1 
ppt to 30 ppt, indicating that most of the MS-2 are not likely to be flushed out once retained in 
sand. This was observed even we used deionized water to flush the columns at the second stage. 
Only a small portion of MS-2 was flushed out (see Figures 4.3(b) to 4.3(g)). The recovery 
percentage ΙΙ was only 12.1% for initial salinity of 1 ppt and decreased to 2.9% for initial salinity 
of 30 ppt (see Table 4.1).  
 
Table 4.1 Retention percentages and recovery percentages of MS-2 transporting in saturated sand 
column under different salinity levels in the absence and presence of soluble organic matter 
(COD = 850 mg L-1). Calculated by numerical integration (the Trapezoidal rule) 
 
Salinity  
0 ppta 1 pptb 5 pptb 8 pptb 10 pptb 20 pptb 30 pptb 
No SOM 2.6 4.2 10.2 45.6 50.8 60.9 65.0 Retention 
Percentage 
 (%) 
With SOM 3.6 2.9 8.6 29.7 33.6 36.2 46.2 
No SOM 93.7 18.0 7.1 2.5 2.3 2.4 2.2 Recovery 
Percentage Ι 
(%) 
With SOM 93.7 24.9 9.6 3.2 2.7 2.7 2.2 
No SOM / 12.1 10.1 2.0 2.0 2.1 2.0 Recovery 
Percentage ΙΙ 
(%) 
With SOM 13.2 5.9 1.8 0.7 0.7 1.4 1.2 
a 30 pore volumes MS-2 injection, 50 pore volumes MS-2 flushing, 50 pore volumes deionized 
water flushing. 
b 150 pore volumes MS-2 injection, 50 pore volumes MS-2 flushing, 50 pore volumes deionized 
water flushing. 
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Figure 4.3 also represented modeling results of MS-2 breakthrough performance, which 
well explained the sorption behavior of MS-2 in sand under different salinity levels before the 
second flushing. Table 4.2 listed the identified sorption parameters. The two-site reversible-
irreversible model (Cao et al. 2007) considered coexistence of reversible and irreversible sites on 
the surface of sand to govern the sorption of MS-2 in the kinetic form. On the reversible sorption 
sites, the sand and MS-2 had the same charges. This created a repulsive double layer force 
between MS-2 and the sand due to the overlap of diffuse clouds of ions that accumulate near 
charged surfaces (Van Oss 1994). Attachment and detachment rates of MS-2 were the balance 
results between repulsive double layer force and weak attractive London-van der Waals force. 
The sorption of MS-2 is very weak on the reversible sites based on the results shown in Figure 
4.3 and Table 4.1. On the irreversible sorption sites, the charge of sand is opposite to that of MS-
2, thus causing an attractive double layer force. The experiments showed that the attractive 
double layer force due to salinity was strong. Once MS-2 attached to the sand, the attractive 
force prevented it from detaching. 
In fresh water at neutral condition (pH 7.0±0.5), both the sand and MS-2 have the 
negative charges due to their low pHieq (3.9 for MS-2 and about 2 for sand) (Stumm and Morgan 
1981). Under this condition, MS-2 sorption is mainly governed by reversible kinetics and is 
weak. Therefore, most of the attached MS-2 is expected to be released when flushed by MS-2 
free deionized water. The breakthrough data of MS-2 in fresh water (Figure 4.3a) were in 
agreement with this expectation. 
The effect of salinity on enhancing MS-2 sorption comes from two aspects. First, salinity 
compresses the double layers of MS-2 and sand at the reversible sorption sites. This results in 
decreasing the repulsive double layer force, thus enhancing MS-2 attachment on the reversible 
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sites. Second, salinity reverses the negative charge of some sand particles into positive charge, 
e.g., silica powder (Suhara et al. 1996; Xu et al. 2003), and turns reversible sorption sites into 
irreversible sites. This enhances MS-2 attachment on the irreversible sorption sites. This was 
verified by the MS-2 breakthrough data in salt water that increasing salinity increases MS-2 
attachment to sand.  
 
Table 4.2 Identified sorption parameters of MS-2 transport in saturated sand column under 
different salinity levels in the absence and presence of SOM (COD = 850 mg L-1) 
 
Salinity 
Sorption Parameters 
0 ppt 1 ppt 5 ppt 8 ppt 10 ppt 20 ppt 30 ppt 
No SOM 0.001a 0.001a 0.020 0.269 0.376 0.277 0.254 
attk
Ι   
(min-1) With SOM 0.001a 0.001a 0.058 0.077 0.096 0.103 0.122 
No SOM 10u 10u 0.200 0.773 0.944 0.904 0.480 
Reversible 
site 
detk
Ι  
(min-1) With SOM 10u 10u 0.727 0.221 0.546 0.872 0.401 
No SOM 0.001a 0.26 0.66 1.64 2.40 1.89 2.82 
attk
ΙΙ   
(min-1) With SOM 0.001a 0.03 0.71 1.69 2.05 2.57 3.48 
No SOM 10a 357 925 3095 4447 5264 5519 
Irreversible 
site 
maxS  
(pfu  g-1) With SOM 10a 74 732 2844 3871 4272 5433 
a Lower boundary value    u Upper boundary value 
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When the column saturated with adsorbed MS-2 was flushed with MS-2 free salt water, 
only the adsorbed MS-2 on the reversible sites were flushed out. The adsorbed MS-2 on the 
irreversible sites remained on the surface of sand. When flushing with deionized water, only a 
small amount of attached MS-2 was released because of the change of solution chemistry that 
affected the bond between MS-2 and sand. Thus some portion of the irreversible sites was 
changed to reversible sites to release additional MS-2. However, the bond between MS-2 and 
sand was strong enough that only a small part of irreversible sites was affected and most of 
adsorbed MS-2 were still retained in the sand.  
Effect of SOM 
When soluble organic matter (SOM) was added to the MS-2 solutions, the SOM reduced 
MS-2 attachment to sand at different salinity levels (Figure 4.4). Figure 4.4 also showed good 
modeling results using the two-site reversible-irreversible model. The identified sorption 
parameters were listed in Table 4.2.  
Comparing Figure 4.4(a) with Figure 4.3(a), the SOM influence was not obvious because 
MS-2 had very weak sorption in fresh water. However, when the column was flushed with fresh 
water (after 80 pore volume), additional MS-2 was measured. This indicated that irreversible 
sorption sites existed on the surface of the sand. When the solution chemistry changed some of 
irreversible sites converted to reversible sites such that MS-2 was released. The source for 
irreversible sorption sites may come from the impurity of sands, such as metal oxides. Many 
studies (Jin et al. 1997; Chu et al. 2000; Zhuang and Jin 2003a) have reported the retention of 
viruses in clean commercial sands and have attributed the viral removal to the existence of metal 
oxide patches on the surface of sand. 
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Figure 4.4 Measured breakthrough data of MS-2 (solid circle) and simulation results from two-
site reversible-irreversible sorption model (solid curve) at different salinity levels in the presence 
of soluble organic matter (COD=831 mg L-1) in sand column 
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Figures 4.4(b) to 4.4(g) showed the MS-2 breakthrough data under salinity conditions in 
the presence of SOM. Comparing Figure 4.4(b) with Figure 4.3(b), the presence of SOM 
balanced the increased MS-2 retention due to salinity of 1 ppt. This indicated SOM was able to 
reduce MS-2 retention significantly such that MS-2 acted like a conservative tracer (Figure 
4.4(b)). However, strong ionic strength from high salinity (above 5 ppt) was able to demonstrate 
the enhancement of MS-2 retention even SOM was present. Figure 4.4(c) to 4.4(g) showed 
increasing MS-2 retention with increasing salinity.  
The presence of SOM reduced MS-2 retention at the same time the salinity increased 
MS-2 retention. This can be seen from the shorter time to maximum concentration in Figures 
4.4(c) to 4.4(g) and less retention percentage in Table 4.1 in comparison with those in the 
absence of SOM. With SOM, the time (pore volume) of C/C0 reaching unity ranged from 25 to 
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100 pore volumes and the retention percentage from 8.6% to 46.2% for salinity ranging from 5 to 
30 ppt. Moreover, less MS-2 was flushed out by fresh water in all cases in comparison with those 
without SOM. This was due to the fact that a smaller amount of MS-2 was adsorbed to the sand 
such that very small amount of MS-2 was flushed out by fresh water.  
The effect of SOM on facilitating virus transport has also been reported by many studies 
(Lance and Gerba 1984; Pieper et al. 1997; Foppen et al. 2006). Harvey and Ryan (Harvey and 
Ryan 2004) explained that dissolved organic matter can compete with negatively charged viruses 
for the same binding sites. Furthermore, the adsorbed organic matter may reduce or even reverse 
positively charged geologic media into negatively charged media, resulting in a change from 
viral adsorption favorable conditions to unfavorable conditions. At high salinity levels, salinity 
suppressed the SOM effect such that the breakthroughs of MS-2 with and without SOM were 
similar. This might be because SOM didn’t saturate adsorption sites in the experiments and 
excess of adsorption sites (created by high salinity) might be available for viruses, making no 
distinct SOM effect to be observed (Gerba and Lance 1978). 
 In our study, the glutamic acid in SOM is negatively charged at pH of 7, caused by the 
ionization of carboxylic groups. On reversible sorption sites, the negatively charged SOM makes 
a thicker double layer between MS-2 and the geologic media thus decreases MS-2 adsorption. 
On irreversible sorption sites, SOM competes for the negatively charged sorption sites with MS-
2, resulting in small sorption site for MS-2. At low salinity level (1 ppt), the limited irreversible 
sorption sites are mostly occupied by SOM, leading less space for MS-2 attachment. At high 
salinity levels (above 5 ppt), salinity converted more reversible sorption sites into irreversible 
and only a limited amount of SOM attaches to sand. Therefore, we can observe limited SOM 
effect on reducing MS-2 retention.  
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The identified sorption parameters in Table 4.2 also revealed the effect of salinity and 
SOM on MS-2 sorption. On reversible sorption sites, the attachment rate coefficient increased 
while the detachment rate coefficient decreased with increased salinity. On irreversible sorption 
sites, both the attachment rate coefficient and maximum adsorption capacity increased with 
increasing salinity. This indicated that MS-2 attached faster and more to the surface of sand, but 
detached slower when salinity increase. By comparing the identified sorption parameters with 
and without the presence of SOM at the same level of salinity, it can be concluded that SOM can 
decrease the attachment rate coefficient at reversible sites and reduce the maximum adsorption 
capacity at irreversible sites. However, SOM showed no distinct effect on both detachment rate 
coefficient at reversible sites and attachment rate coefficient at irreversible sites. It leads MS-2 
attach less and slower to the surface of the sand. 
It should be noted that the current model did not consider the change of irreversible sites 
to reversible sites during the fresh water flushing stage. A more complicated model structure is 
necessary to take into account the influence of site change on the sorption parameters in the 
future study.  
 
4.3.3 Effect of Salinity and SOM on MS-2 Sorption in Sandy Soil Column 
Figures 4.5 showed breakthrough data and simulation of MS-2 with sandy soil columns 
under different salinity levels in the absence and presence of SOM. In all cases, clogging 
occurred at the fresh water flushing stage. Clogging was due to clay swelling and gel formation 
when fresh water replaced salt water, leading to mobilized particles deposits in narrow pore 
throats in the soil (Goldenberg et al. 1983; Ryan and Elimelech 1996). No breakthrough data 
were able to obtain in the fresh water flushing stage.  
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(a) salinity = 0 ppt,  in the absence of SOM 
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Figure 4.5 Measured breakthrough data of MS-2 (solid circle) and simulation results from two-
site reversible-irreversible sorption model (solid curve) at different salinity levels in the absence 
and presence of soluble organic matter (COD=831 mg L-1) in sandy soil column 
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(c) salinity = 20 ppt, in the absence of SOM 
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(e) salinity = 0 ppt,  in the presence of SOM 
 
 
0
0.2
0.4
0.6
0.8
1
1.2
0 10 20 30 40 50 60 70 80
Pore volume
C
/C
0
 
(f) salinity = 10 ppt, in the presence of SOM 
 
 103 
 
(fig. cont’d) 
0
0.2
0.4
0.6
0.8
1
1.2
0 10 20 30 40 50 60 70 80
Pore volume
C
/C
0
 
(g) salinity = 20 ppt,  in the presence of SOM 
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The breakthrough behaviors of MS-2 with sandy soil were completely different from 
those with sand at high salinity (Figure 4.5). The breakthrough data of MS-2 in the absence and 
presence of SOM acted similar to a conservative tracer at salinities of 10 ppt and 20 ppt and 
showed weak sorption to sandy soil at a high salinity of 30 ppt. All of the attached MS-2 was 
flushed out after 80 pore volumes in both columns. This implies that salinity as high as 30 ppt 
enhanced the attachment of MS-2 on the reversible sites of the sandy soil although the sorption 
enhancement was weak. 
The effect of salinity and SOM in the sandy soil column was also verified by the 
identified sorption parameters (Table 4.3). At salinity levels from 0 ppt to 20 ppt, all of the 
identified sorption parameters were at predetermined bound values. There was no sorption for 
MS-2 in the soil column in this salinity range. At a salinity level of 30 ppt, the identified sorption 
parameters of the irreversible sites were at their bound values, whereas the identified attachment 
rate coefficient of reversible sorption sites was 0.05 min-1. The identified detachment rate 
coefficients of reversible sorption sites with and without SOM were 0.10 to 0.11 min-1, 
respectively. 
Weak MS-2 sorption may be a result of bonded organic matter in soil which is usually 
negatively charged and occupies sorption sites. Bonded organic matter largely reduces available 
sites for MS-2 sorption (Schijven and Hassanizadeh 2000). In addition, some of the soil organic 
matter, particular lower-molecular-weight fractions, is dissolvable and can pass into solution 
(Moore et al. 1981; Chu et al. 2003). This dissolved soil organic matter has an effect on 
reversible and irreversible sorption sites. On reversible sorption sites, the dissolved soil organic 
matter increases repulsive double layer force by expanding the double layer between MS-2 and 
soil. Furthermore, the adsorbed soil organic matter decreases the attractive London-van der 
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Waals force between MS-2 and soil based on its similar Hamaker constant with that of water 
(Visser 1976; Moore et al. 1981). The sorption of MS-2 on reversible sorption sites is thus 
decreased. On irreversible sorption sites, the dissolved soil organic matter competes with MS-2 
for the same binding place, leaving less portion of sorption sites for MS-2. Once attached, the 
dissolved soil organic matter may neutralize the positive charge, or even reverse positive charge 
into negative charge, turning irreversible sorption sites into reversible sites (Kretzschmar et al. 
1997; Zhuang and Yu 2002). As a result, the sorption of MS-2 on the irreversible sorption sites  
 
Table 4.3 Identified sorption parameters of MS-2 transport in saturated sandy soil column under 
different salinity levels in the absence and presence of SOM (COD = 850 mg L-1) 
 
Salinity 
Sorption Parameters 
0 ppt 10 ppt 20 ppt 30 ppt 
No SOM 0.001a 0.001a 0.001a 0.05 
attk
Ι  (min-1) 
With SOM 0.001a 0.001a 0.001a 0.05 
No SOM 10u 10u 10u 0.10 
Reversible 
site 
detk
Ι  (min-1) 
With SOM 10u 10u 10u 0.11 
No SOM 0.001a 0.001a 0.001a 0.001a 
attk
ΙΙ  (min-1) 
With SOM 0.001a 0.001a 0.001a 0.001a 
No SOM 10a 10a 10a 10a 
Irreversible 
site 
maxS  (pfu  g
-1) 
With SOM 10a 10a 10a 10a 
a Lower boundary value    u Upper boundary value 
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decreased. In our study, the dissolved soil organic matter significantly reduced MS-2 sorption to 
sandy soil and suppressed the effect of SOM and salinity. Therefore, no distinct difference can be 
observed for breakthrough data of MS-2 in Figure 4.5.  
We measured the dissolved soil organic matter shown in Figure 4.6. The total organic 
carbon (TOC) was obtained by flushing the sandy soil with deionized water. It can be seen that 
the TOC dropped quickly from about 200 mg L-1 to about 20 mg L-1 at the first 10 pore volumes, 
and kept steady at about 20 mg L-1 after 10 pore volumes as the bonded organic matter of the soil 
kept dissolving into the solution. This background dissolved soil organic matter significantly 
decreased MS-2 sorption on both reversible and irreversible sorption sites, and counteracted the 
effect of salinity. Although hydrophobic effect of soil organic matter on enhancing viral 
adsorption was discussed in some studies (Bales et al. 1991; Bales et al. 1993), this effect did not 
appear in our experiments because no removal of MS-2 was observed in our soil samples.   
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Figure 4.6 Dissolved total organic carbon (TOC) from sandy soil flushed with deionized water 
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4.4 Conclusions 
The experimental and modeling results demonstrate the effects of salinity and SOM on 
MS-2 sorption with different geologic media. The effects are explained due to changes of ionic 
strength and SOM on double layer force to alter the reversible and irreversible sites of geologic 
media. The following conclusions are drawn:  
(1) Sorption of MS-2 to geologic media saturated in fresh water is generally weak 
because of the same negative charges for both MS-2 and media; 
(2) Salinity can enhance MS-2 sorption in sand by compressing double layer on 
reversible sorption sites, and reversing surface charges thus converting reversible sorption sites 
into irreversible; 
(3) SOM can inhibit MS-2 sorption in sand by expanding double layer on reversible 
sorption sites and competing with MS-2 for the same binding place on irreversible sorption sites; 
(4) Dissolved soil organic matter can expand double layer at reversible sorption sites, and 
competes with MS-2 for the same binding place, even reverse surface charges of irreversible 
sorption sites. Thus, salinity effect on enhancing MS-2 sorption can be suppressed by existence 
of soil organic matter. However, high salinity (30 ppt or above) can overcome the soil organic 
matter effect and shows MS-2 sorption on reversible sorption sites in sandy soil. 
(5) Similarly, the SOM effect on reducing MS-2 sorption may not be significant when 
dissolved soil organic matter shows strong influence on decreasing MS-2 sorption.  
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Chapter 5: Global Discussion and Conclusions 
 
 
The main purpose of this dissertation was to investigate the fate and transport of 
microorganisms in coastal subsurface. Field observation, laboratory experiment and model 
development were conducted to investigate the impact factors on microorganism transport and 
the possibility of using the subsurface injection as an alternative wastewater treatment option to 
remove pathogens in coastal areas. Two topics were covered in this dissertation: one was the 
evaluation of the performance of the Marshland Upwelling System (MUS) in removing fecal 
bacteria and the impact of the MUS to its surrounding environment after it was shut down; the 
other was the effect of salinity and soluble organic matter on the fate and transport of MS-2 and 
the model development to describe the sorption and transport processes.  
Field observations on the performance of the MUS in removing fecal bacteria from 
settled, domestic wastewater showed the system is effective at the Bayou Segnette site.  
Filtration and straining, adsorption, predation and natural die-off were believed to take effect on 
removing fecal bacteria during its transport along with wastewater plume in subsurface. Current 
study results from June 2005 to August 2005 under the injection regime of 2.83 L/min - 30 
min/hr (injection rate – injection time) were compared with previous study results from 
December 2002 to March 2004, which operated under the injection regime of 0.95 to 1.89 L/min 
- 15 min/hr. Results showed that the fecal bacterial removal efficiency was increased in current 
study although the injection rate and injection time were increased. It is believed that the 
filtration and straining of fecal bacteria were enhanced after a long time of operation as the 
results of deposition of solid particles from primary wastewater and the growth of biofilm in 
subsurface.  
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The statistical analysis results showed that there were no distinct differences between 
fecal bacteria distribution in subsurface for current and previous studies, whereas the injection 
influents were distinctly different. It indicated that the performance of the MUS in removing 
fecal bacteria was pretty steady, although the injected fecal bacteria loads changed. The MUS 
showed effective overall removal efficiency for fecal bacteria during its 32 months operation. 
The 99.99% removal efficiency and more than 2.1 log reduction within a travel distance of 1 m 
for fecal bacteria compared well with other constructed wetlands and subsurface systems. 
The background recovery study conducted after the MUS shutdown showed that the 
subsurface environment has recovered completely from the MUS fecal bacteria loading in less 
than 4 months. Natural die-off was believed to be one of the dominant processes due to the high 
subsurface temperature in Bayou Segnette site. In addition, other processes, such as filtration, 
straining and adsorption, might still take effect in short-term period after the system shutdown. 
The salinities in subsurface reached the steady stage in 4 to 5 months after the system shutdown. 
However, this steady stage values were distinct less than the baseline prior to system initiation. 
This phenomenon could be explained by the wastewater dilution and slow groundwater 
interchange in subsurface due to existence of silt/layer.  
To investigate the fate and transport of viruses in coastal subsurface, well designed 
laboratory experiments were conducted in one-dimensional saturated sand and sandy soil 
columns to test the effect of soluble organic matter (SOM) and salinity on the sorption of MS-2. 
Experimental results indicated that a two-site reversible-irreversible sorption model was suitable 
to describe the MS-2 sorption process in saturated sand and sandy soil. This model portrays two 
types of sites for attachment and detachment of MS-2. On the reversible sorption site, porous 
media have the same charges as that of MS-2 and the sorption is the balanced result of repulsive 
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double layer force and attractive London-van der Waals force. The sorption is generally weak 
and can be described as attachment and detachment. On the irreversible sorption site, the porous 
media charge is opposite to that of MS-2, thus the sorption is mainly dominated by the attractive 
double layer force. The detachment can be neglected and the sorption process is governed only 
by the attachment. The existence of salinity and SOM may affect the double layer force between 
MS-2 and the porous media, thus alter the reversible and irreversible sites to affect the MS-2 
sorption.   
In fresh water (salinity = 0 ppt) at neutral condition, the sand and sandy soil have the 
same negative charges with that of MS-2 due to their low pHieq, MS-2 sorption is mainly 
governed by reversible kinetics, and sorption of MS-2 is supposed to be weak. The weak 
sorption of MS-2 in both sand and sandy soil columns were observed in this research. 
In sand columns, the effects of salinity and SOM on MS-2 sorption were obvious. With 
the increase of the salinity, the sorption of MS-2 was observed to be enhanced dramatically. 
However, when SOM was added into the salt water, the sorption of MS-2 was decreased 
compared to the results obtained in the absence of SOM. It is believed that salinity can enhance 
MS-2 sorption in sand by compressing double layer on reversible sorption sites, and reversing 
surface charges thus converting reversible sorption sites into irreversible. SOM can inhibit MS-2 
sorption by expanding double layer on reversible sorption sites and competing with MS-2 for the 
same binding place on irreversible sorption sites.  
MS-2 sorption in sandy soil showed different behavior from that in sand under the impact 
of salinity and SOM. The salinity showed no obvious effect on MS-2 sorption at low salinity 
levels (less than 30 ppt). At high salinity level (30 ppt), sorption of MS-2 was increased but still 
not strong. The effect of SOM on inhibiting MS-2 sorption was not observed for all salinity 
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levels. It is believed that the presence of dissolved soil organic matter in sandy soil caused such 
difference sorption behavior of MS-2 from that in sands. Dissolved soil organic matter can 
expand double layer at reversible sorption sites, and competes with MS-2 for the same binding 
place, even reverse surface charges of irreversible sorption sites. Thus, salinity effect on 
enhancing MS-2 sorption can be suppressed by existence of soil organic matter. However, high 
salinity (30 ppt or above) can overcome the soil organic matter effect and shows MS-2 sorption 
on reversible sorption site in sandy soil. Similarly, the SOM effect on reducing MS-2 sorption 
may not be significant when dissolved soil organic matter shows strong influence on decreasing 
MS-2 sorption in sandy soil.  
A fate and transport model, coupled with two-site reversible-irreversible sorption process, 
was developed to describe MS-2 sorption and transport in sand and sandy soil columns under 
different salinity and SOM conditions. The fate and transport equations were solved numerically 
using the Crank-Nicholson method. Model sorption parameters were identified using BFGS  
(Broyden-Fletcher-Goldfrab-Shanno) method and sensitivity-equation method based on 
measured MS-2 breakthrough data. With the identified parameter values, the fate and transport 
model showed very good agreement to the experimental data. 
The laboratory results of this study can help to understand the interaction of pathogenic 
viruses with salinity, SOM and sediments in coastal ground water system. The model developed 
by this study can be used to predict the fate and transport of virus in wastewater under coastal 
subsurface. It will be a practical modeling tool to better coastal management. In addition, the 
model developed can be used for coastal on-site wastewater treatment design and amelioration, 
such as the MUS. It will be a good tool for treatment design and performance evaluation for 
virus removal. However, to be used for evaluating and predicting fecal bacteria removal in the 
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MUS in coastal surface, further research needs to be conducted to understand the filtration and 
straining process for fecal bacteria. In the fate and transport model developed by this study, the 
filtration and straining process for viruses has been neglected since their size are much smaller 
than that of fecal bacteria.    
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Appendix A: Field Data for Bayou Segnette, LA Site  
 
MPN Fecal Coliform/E. coli   
        Sample Date/Time/Analyst 6/9/2005 Haibo Cao  
              Analysis Date/Time/Analyst 6/9/2005 Haibo Cao  
Experimental System MUS Bayou Segnette, East Side  
Sample ID Dilution LT broth positives
Volume 
of 
original 
sample 
(ml) 
EC/MUG 
broth gas 
positives
EC/MUG broth 
fluorescence 
positives 
Fecal 
MPN/100 
mL  
E. coli. 
MPN/100 
mL 
Comments
0 0   0 0 0 0   
                Blank        ( five 
tubes)                 
1 5 10 0 2 0 4   
10 1 1 0 0       
100 0 0.1 0 0       
BE-9                 
1 5 10 5 5 700 700   
10 5 1 5 5       
100 5 0.1 2 2       
CE-15 1000 2 0.01 1 1       
100 5 0.1 4 4 2600 2600   
1000 4 0.01 2 2       
DE-15 10000 5 0.001 1 1       
100 5 0.1 5 5 5000 5000   
1000 5 0.01 2 2       
EE-15 10000 5 0.001 0 0       
100 5 0.1 5 5 5000 5000   
1000 5 0.01 2 2       
EE-15(duplicate) 10000 5 0.001 0 0       
1 4 10 4 4 13 13   
10 5 1 0 0     
GE-15 100 5 0.1 0 0       
1 3 10 2 0 9 0   
10 3 1 2 0       
LE-14 100 0 0.1 0 0       
1 5 10 0 0 0 0   
10 0 1 0 0       
JE-14 100 0 0.1 0 0       
1 5 10 1 1 2 2   
10 3 1 0 0       
ME-13 100 1 0.1 0 0       
1 0 10 0 0 0 0   
10 0 1 0 0       
OE-13 100 0 0.1 0 0       
SE-9 1 5 10 1 0 4 0   
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10 1 1 1 0        
100 0 0.1 0 0       
1 3 10 0 0 0 0   
10 1 1 0 0       
UE-9 100 0 0.1 0 0       
1 5 10 0 0 0 0   
10 1 1 0 0       
UE-9 duplicate 100 0 0.1 0 0       
1 5 10 4 2 11 7   
10 2 1 1 0       
VE-9 100 1 0.1 0 0       
1 0 10 0 0 0 0   
10 0 1 0 0       
Background Well 100 0 0.1 0 0       
100 5 0.1 5 5 350000 220000   
1000 5 0.01 5 5       
10000 5 0.001 4 4       
Primar East 100000 5 0.0001 4 2       
Trip Blank 5 0 0 0 0 0 0   
1 5 10 5 5 240 80   
10 5 1 5 3       
Bayou Background 100 2 0.1 0 0       
1 5 10 5 5 240 240   
10 5 1 5 5       
Dock 100 3 0.1 0 0       
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MPN Fecal Coliform/E. coli   
        Sample Date/Time/Analyst 6/24/2005 Haibo Cao  
              Analysis Date/Time/Analyst 6/24/2005 Haibo Cao  
Experimental System MUS Bayou Segnette, East Side  
Sample ID Dilution LT broth positives 
Volume 
of 
original 
sample 
(ml) 
EC/MUG 
broth gas 
positives 
EC/MUG broth 
fluorescence 
positives 
Fecal 
MPN/100 
mL  
E. coli. 
MPN/100 
mL 
Comments
1 5 10 0 0 0 0   
10 0 1 0 0       
100 0 0.1 0 0       
BE-9                 
1 5 10 5 0 300 0   
10 5 1 5 0       
100 2 0.1 1 0       
CE-9                 
1 5 10 0 0 0 0   
10 1 1 0 0       
DE-9 100 1 0.1 0 0       
100 5 0.1 5 5 160000 9000   
1000 5 0.01 5 2       
AE-15 10000 5 0.001 4 2       
10 5 1 5 3 230 110   
100 3 0.1 0 1       
BE-15 1000 1 0.01 0 0       
10 5 1 5 5 ≥16000 9000   
100 5 0.1 5 5     
FE-15 1000 5 0.01 5 3       
100 5 0.1 5 1 50000 600   
1000 5 0.01 5 1       
HE-15 10000 4 0.001 2 1       
1 5 10 5 5 ≥16000 9000   
10 5 1 5 5       
100 5 0.1 5 5       
IE-14 1000 5 0.01 5 3       
1 3 10 0 0 0 0   
10 1 1 0 0       
KE-14 100 1 0.1 0 0       
1 5 10 0 0 0 0   
10 5 1 0 0       
NE-13 100 4 0.1 0 0       
1 4 10 2 2 4 4   
10 2 1 0 0       
PE-13 100 1 0.1 0 0       
1 5 10 4 4 13 13   
10 5 1 0 0       PE-13 
(duplicate) 100 2 0.1 0 0       
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1 5 10 0 0 0 0   
10 5 1 0 0       
QE-13 100 5 0.1 0 0       
1 5 10 5 5 500 500   
10 5 1 5 5       
RE-9 100 5 0.1 2 2       
1 5 10 5 5 300 300   
10 5 1 5 5       RE-9 
(duplicate) 100 5 0.1 1 1       
1 4 10 1 0 2 0   
10 1 1 0 0       
TE-9  100 0 0.1 0 0       
100 5 0.1 5 5 500000 170000   
1000 5 0.01 5 5       
10000 5 0.001 5 4       
Primar East 100000 5 0.0001 2 1       
1 5 10 4 3 13 8   
10 2 1 0 0       Bayou 
Background 100 2 0.1 0 0       
1 5 10 4 3 22 11   
10 5 1 2 1       
Dock 100 3 0.1 0 0       
1 5 10 4 4 22 22   
10 5 1 2 2       Dock 
(Duplicate) 100 2 0.1 0 0       
Trip Blank 
(Five Tubes)   0   0 0 0 0   
Blank1(Five 
Tubes)   0   0 0 0 0   
Blank2(Five 
Tubes)   0   0 0 0 0   
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MPN Fecal Coliform/E. coli   
Sample Collection: 7/705  10:20  HBC Project ID: MUS 
Delivery: 7/7/05 15:40  HBC Batch ID: 07-07-05 
Start Analysis: 7/7/05  15:50  HBC SOP#/Ver.: MPN MB111, Ver. 1.3 
LT 24-hour reading: 7/8/05 15:00 HBC Incub #/Temp.: 34.7°C 
LT 48-hour reading: 7/9/05 14:09 HBC Incub #/Temp.: 35.1°C 
EC 24-hour reading: 7/9/05 14:09 HBC Incub #/Temp.:44.5°C 
LT broth lot#: A5175 EC/MUG broth lot#: : A5136,A5179 
Experiment Sysytem: MUS , Bayou Segnette, East Side 
Sample ID Dilution LT broth positives 
Volume 
of 
original 
sample 
(ml) 
EC/MUG 
broth gas 
positives 
EC/MUG broth 
fluorescence 
positives 
Fecal 
MPN/100 
mL  
E. coli. 
MPN/100 
mL 
Comments
1 5 10 5 0 900 2   
10 5 1 5 1       
AE-9 100 5 0.1 3 0       
10 5 1 1 0 20 0   
100 0 0.1 0 0       
CE-15 1000 0 0.01 0 0       
100 5 0.1 5 5 17000 17000   
1000 5 0.01 4 4       
DE-15 10000 2 0.001 1 1       
100 5 0.1 5 5 ≥160000 ≥160000   
1000 5 0.01 5 5       
EE-15 10000 5 0.001 5 5       
1 5 10 5 4 500 17   
10 5 1 5 1       
GE-15 100 5 0.1 2 0       
1 5 10 1 0 2 0   
10 0 1 0 0       
LE-14 100 0 0.1 0 0       
1 5 10 1 0 2 0   
10 0 1 0 0       LE-14 
(duplicate) 100 0 0.1 0 0       
1 5 10 5 5 300 110   
10 5 1 5 3       
JE-14 100 5 0.1 1 1       
1 5 10 5 5 900 90   
10 5 1 5 2       JE-14 
(duplicate) 100 5 0.1 3 2       
1 5 10 5 0 900 0 A5179 
10 5 1 5 0       
ME-13 100 4 0.1 3 0       
1 4 10 4 0 26 0 A5179 
10 4 1 2 0       
OE-13 100 3 0.1 1 0       
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1 5 10 2 0 4 0 A5179 
10 3 1 0 0       
SE-9 100 3 0.1 0 0       
1 5 10 2 0 4 0 A5179 
10 5 1 0 0       SE-9  
(duplicate) 100 1 0.1 0 0       
1 5 10 5 1 500 4   
10 4 1 5 1       
UE-9  100 4 0.1 2 0       
1 4 10 0 0 0 0   
10 2 1 0 0       
VE-9 100 1 0.1 0 0       
1 5 10 5 0 350 0 A5179 
10 4 1 4 0       Background 
Well 100 4 0.1 4 0       
100 5 0.1 5 5 ≥1,600,000 ≥1,600,000 A5179 
1000 5 0.01 5 5       
10000 5 0.001 5 5       
Primar East 100000 5 0.0001 5 5       
1 5 10 5 5 240 240   
10 5 1 5 5       Middle 
Channel 100 2 0.1 0 0       
1 5 10 5 5 ≥1600 ≥1600 A5179 
10 5 1 5 5       
Dock 100 5 0.1 5 5       
Trip Blank 1 0   0 0 0 0 A5179 
Blank1 1 0   0 0 0 0 A5179 
Blank2 1 0   0 0 0 0 A5179 
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MPN Fecal Coliform/E. coli   
Sample Collection: 7/21/05  14:20  HBC Project ID: MUS 
Delivery: 7/21/05 18:20  HBC Batch ID: 07-21-05 
Start Analysis: 7/21/05  18:30  HBC SOP#/Ver.: MPN MB111, Ver. 1.3 
LT 24-hour reading: 7/22/05 18:00 HBC Incub #/Temp.: 35.1°C 
LT 48-hour reading: 7/23/05 17:00HBC Incub #/Temp.: 35.3°C 
EC 24-hour reading: 7/23/05 18:20 HBC Incub #/Temp.:44.5°C 
LT broth lot#: A5175, A5188 EC/MUG broth lot#: : A5179 
Experiment Sysytem: MUS , Bayou Segnette, East Side 
Sample ID Dilution LT broth positives 
Volume 
of 
original 
sample 
(ml) 
EC/MUG 
broth gas 
positives 
EC/MUG broth 
fluorescence 
positives 
Fecal 
MPN/100 
mL  
E. coli. 
MPN/100 
mL 
Comments
1 5 10 5 5 30 30   
10 5 1 1 1       
BE-9 100 5 0.1 0 0       
1 5 10 5 5 80 80   
10 5 1 3 3       BE-9 
(duplicate) 100 5 0.1 0 0       
10 4 1 3 3 110 110   
100 1 0.1 1 1       
BE-15  1000 0 0.01 0 0       
10 4 1 2 2 40 40   
100 0 0.1 0 0       BE-15 
(duplicate) 1000 0 0.01 0 0       
100 5 0.1 5 5 30000 30000   
1000 5 0.01 5 5       
AE-15 10000 3 0.001 1 1       
1 5 10 0 0 0 0   
10 0 1 0 0       
CE-9 100 0 0.1 0 0       
1 4 10 2 2 4 4   
10 0 1 0 0       
DE-9 100 0 0.1 0 0       
100 5 0.1 4 4 3300 3300   
1000 5 0.01 3 3     
FE-15 10000 2 0.001 1 1       
10 4 1 3 1 80 20   
100 1 0.1 0 0       
HE-15 1000 0 0.01 0 0       
100 5 0.1 5 5 8000 8000   
1000 4 0.01 3 3       
IE-14 10000 1 0.001 0 0       
1 5 10 2 2 4 4   
10 2 1 0 0       
KE-14 100 0 0.1 0 0       
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1 2 10 0 0 0 0   
10 1 1 0 0       
NE-13 100 0 0.1 0 0       
1 1 10 0 0 0 0   
10 0 1 0 0       
PE-13 100 0 0.1 0 0       
1 4 10 0 0 0 0   
10 0 1 0 0       
QE-13  100 0 0.1 0 0       
1 5 10 0 0 0 0   
10 0 1 0 0       QE-13 
(duplicate) 100 0 0.1 0 0       
1 4 10 2 1 9 4   
10 4 1 2 1       
TE-9 100 1 0.1 0 0       
1000 5 0.01 5 5 700000 700000   
10000 5 0.001 5 5       
100000 5 0.0001 2 2       
Primar East 1000000 3 0.00001 1 1       
1 5 10 4 3 13 8   
10 1 1 0 0       Middle 
Channel 100 0 0.1 0 0       
1 5 10 5 4 140 17   
10 5 1 3 1       
Dock 100 2 0.1 2 0       
Trip Blank 1 0   0 0 0 0   
Blank1 1 0   0 0 0 0   
Blank2 1 0   0 0 0 0   
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MPN Fecal Coliform/E. coli   
Sample Collection: 8/4/05  10:20  HBC Project ID: MUS 
Delivery: 8/4/05 16:20  HBC Batch ID: 08-04-05 
Start Analysis: 8/4/05  16:30  HBC SOP#/Ver.: MPN MB111, Ver. 1.3 
LT 24-hour reading: 8/5/05 15:40 HBC Incub #/Temp.: 35.0°C 
LT 48-hour reading: 8/6/05 14:30HBC Incub #/Temp.: 35.3°C 
EC 24-hour reading: 8/6/05 14:30 HBC Incub #/Temp.:44.5°C 
LT broth lot#: A5200, A5203 EC/MUG broth lot#: : A5193 
Experiment Sysytem: MUS , Bayou Segnette, East Side 
Sample ID Dilution LT broth positives 
Volume of 
original 
sample 
(ml) 
EC/MUG 
broth gas 
positives 
EC/MUG broth 
fluorescence 
positives 
Fecal 
MPN/100 
mL  
E. coli. 
MPN/100 
mL 
Commen
ts 
1 5 10 5 5 170 50   
10 5 1 3 2       
AE-9 100 5 0.1 3 0       
10 1 1 0 0 0 0   
100 0 0.1 0 0       
CE-15 1000 0 0.01 0 0       
100 0 0.1 0 0 0 0   
1000 0 0.01 0 0       
DE-15 10000 0 0.001 0 0       
100 5 0.1 5 5 11,000 11,000   
1000 4 0.01 3 3       
EE-15 10000 1 0.001 1 1       
1 5 10 3 0 8 0   
10 0 1 0 0       
GE-15 100 1 0.1 0 0       
1 5 10 3 2 11 4   
10 1 1 1 0       
LE-14 100 0 0.1 0 0       
1 5 10 3 1 14 2   
10 3 1 1 0       LE-14 
(duplicate) 100 1 0.1 0 0       
1 5 10 3 0 8 0   
10 5 1 0 0       
JE-14 100 1 0.1 0 0       
1 4 10 2 0 4 0   
10 1 1 0 0       
ME-13 100 0 0.1 0 0       
1 5 10 5 0 170 0   
10 4 1 4 0       
OE-13 100 2 0.1 1 0       
1 5 10 5 5 900 80   
10 5 1 5 3       
SE-9 100 4 0.1 3 0       
UE-9 1 5 10 5 2 30 4   
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10 5 1 1 0        
100 5 0.1 0 0       
1 5 10 4 4 13 13   
10 4 1 0 0       UE-9 
(duplicate)  100 4 0.1 0 0       
1 5 10 0 0 0 0   
10 4 1 0 0       
VE-9 100 0 0.1 0 0       
1 5 10 0 0 0 0   
10 0 1 0 0       Background 
Well 100 0 0.1 0 0       
1000 5 0.01 5 5 9,000,000 9,000,000   
10000 5 0.001 5 5       
100000 5 0.0001 5 5       
Primar East 1000000 4 0.00001 3 3       
1 5 10 5 4 130 22   
10 4 1 4 2       Middle 
Channel 100 0 0.1 0 0       
1 5 10 5 5 140 50   
10 5 1 3 2       
Middle 
Channel 
(duplicate) 100 2 0.1 2 0       
1 5 10 5 5 1600 280   
10 5 1 5 4       
Dock 100 4 0.1 4 3       
Trip Blank 1 0   0 0 0 0   
Blank1 1 0   0 0 0 0   
Blank2 1 0   0 0 0 0   
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MPN Fecal Coliform/E. coli   
Sample Collection: 8/18/05  13:02  HC Project ID: MUS 
Delivery: 8/18/05 18:30  HC Batch ID: 08-18-05 
Start Analysis: 8/18/05  18:35  HC SOP#/Ver.: MPN MB111, Ver. 1.3 
LT 24-hour reading: 8/19/05 16:50 HC Incub #/Temp.: 35.1°C 
LT 48-hour reading: 8/20/05 15:50HC Incub #/Temp.: 35.2°C 
EC 24-hour reading: 8/20/05 15:30 HC Incub #/Temp.:44.5°C 
LT broth lot#: A5210 EC/MUG broth lot#: : A5214 
Experiment Sysytem: MUS , Bayou Segnette, East Side 
Sample ID Dilution LT broth positives 
Volume 
of 
original 
sample 
(ml) 
EC/MUG 
broth gas 
positives 
EC/MUG broth 
fluorescence 
positives 
Fecal 
MPN/100 
mL  
E. coli. 
MPN/100 
mL 
Comments 
10 5 1 4 4 210 210   
100 5 0.1 1 1       
BE-15  1000 1 0.01 1 1       
10 5 1 5 5 230 230   
100 4 0.1 0 0       BE-15 
(duplicate) 1000 3 0.01 0 0       
100 5 0.1 5 5 ≥160,000 ≥160,000   
1000 5 0.01 5 5       
AE-15 10000 5 0.001 5 5       
1 0 10 0 0 0 0   
10 0 1 0 0       
CE-9 100 0 0.1 0 0       
1 5 10 0 0 0 0   
10 0 1 0 0       
DE-9 100 0 0.1 0 0       
100 5 0.1 5 5 160,000 160,000   
1000 5 0.01 5 5     
FE-15 10000 5 0.001 4 4       
10 5 1 5 5 16,000 16,000   
100 5 0.1 5 5       
HE-15 1000 5 0.01 4 4       
100 1 0.1 0 0 0 0   
1000 0 0.01 0 0       
IE-14 10000 0 0.001 0 0       
1 5 10 2 2 4 4   
10 2 1 0 0       
KE-14 100 0 0.1 0 0       
1 4 10 4 4 17 17   
10 3 1 1 1       
NE-13 100 1 0.1 0 0       
1 0 10 0 0 0 0   
10 0 1 0 0       
PE-13 100 0 0.1 0 0       
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1 5 10 1 0 2 0   
10 0 1 0 0       
QE-13  100 0 0.1 0 0       
1 5 10 0 0 0 0   
10 0 1 0 0       QE-13 
(duplicate) 100 0 0.1 0 0       
1 0 10 0 0 0 0   
10 0 1 0 0       
TE-9 100 0 0.1 0 0       
1 0 10 0 0 0 0   
10 0 1 0 0       
TE-9 100 0 0.1 0 0       
1000 5 0.01 5 5 350,000 350,000   
10000 5 0.001 4 4       
100000 5 0.0001 3 3       
  1000000 4 0.00001 1 1       
1 5 10 3 2 8 4   
10 1 1 0 0       Middle 
Channel 100 0 0.1 0 0       
1 5 10 5 4 50 22   
10 2 1 2 2       
Dock 100 0 0.1 0 0       
Trip Blank 1 0   0 0 0 0   
Blank1 1 0   0 0 0 0   
Blank2 1 0   0 0 0 0   
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MPN Fecal Coliform/E. coli   
Sample Collection: 9/16/05  8:48  HC Project ID: MUS 
Delivery: 9/16/05 15:30  HC Batch ID: 09-16-05 
Start Analysis: 9/16/05  15:40  HC SOP#/Ver.: MPN MB111, Ver. 1.3 
LT 24-hour reading: 9/17/05 15:30 HC Incub #/Temp.: 34.8°C 
LT 48-hour reading: 9/18/05 15:00 HC Incub #/Temp.: 34.7°C 
EC 24-hour reading: 9/18/05 15:00 HC Incub #/Temp.:44.5°C 
LT broth lot#: A5242 EC/MUG broth lot#: : A5241, A5179 
Experiment Sysytem: MUS , Bayou Segnette, East Side 
Sample ID Dilution LT broth positives 
Volume of 
original 
sample 
(ml) 
EC/MUG 
broth gas 
positives 
EC/MUG broth 
fluorescence 
positives 
Fecal 
MPN/100 
mL  
E. coli. 
MPN/100 
mL 
Comments
1 5 10 5 5 23 23   
10 5 1 0 0       
AE-9 100 5 0.1 0 0       
100 3 0.1 0 0 0 0   
1000 0 0.01 0 0       
AE-15 10000 0 0.001 0 0       
1 5 10 0 0 0 0   
10 0 1 0 0       
BE-15  100 0 0.1 0 0       
1 5 10 5 5 50 50   
10 5 1 1 1       
CE-15 100 5 0.1 1 1       
10 4 1 3 3 110 80   
100 3 0.1 1 0       
DE-15 1000 0 0.01 0 0       
100 3 0.1 1 1 200 200   
1000 1 0.01 0 0       
EE-15 10000 0 0.001 0 0       
100 0 0.1 0 0 0 0   
1000 1 0.01 0 0       
FE-15 10000 0 0.001 0 0       
1 5 10 1 1 2 2   
10 1 1 0 0       
GE-15 100 0 0.1 0 0       
10 5 1 3 3 110 110   
100 5 0.1 1 1       
HE-15 1000 0 0.01 0 0       
100 2 0.1 0 0 0 0   
1000 0 0.01 0 0       
IE-14 10000 0 0.001 0 0       
1 0 10 0 0 0 0   
10 0 1 0 0       
KE-14 100 0 0.1 0 0       
LE-14 1 5 10 0 0 0 0   
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10 1 1 0 0        
100 0 0.1 0 0       
1 0 10 0 0 0 0   
10 0 1 0 0       
JE-14 100 0 0.1 0 0       
1 5 10 3 3 11 11   
10 4 1 1 1       
ME-13 100 2 0.1 0 0       
1 5 10 0 0 0 0   
10 5 1 0 0       
OE-13 100 5 0.1 0 0       
1 5 10 1 0 2 0   
10 5 1 0 0       OE-
13(duplicate) 100 5 0.1 0 0       
1 5 10 0 0 0 0   
10 1 1 0 0       
QE-13  100 1 0.1 0 0       
1 2 10 0 0 0 0   
10 5 1 0 0       
SE-9 100 4 0.1 0 0       
1 5 10 5 5 300 300   
10 5 1 5 5       
UE-9 100 3 0.1 1 1       
1 3 10 1 1 2 2   
10 2 1 0 0       
VE-9  100 0 0.1 0 0       
1 4 10 1 0 2 0   
10 1 1 0 0       
VE-9(duplicate) 100 0 0.1 0 0       
1 2 10 1 1 2 2   
10 0 1 0 0       Background 
Well 100 0 0.1 0 0       
1000 4 0.01 0 0 0 0   
10000 1 0.001 0 0       
100000 1 0.0001 0 0       
Primar East                 
1 5 10 5 5 30 30   
10 1 1 1 1       
Middle Channel 100 0 0.1 0 0       
1 5 10 1 0 2 0   
10 3 1 0 0       
100 0 0.1 0 0       
1000 0 0.01 0 0       
Dock 10000 0 0.001 0 0       
Trip Blank 1 0   0 0 0 0   
Blank1 1 0   0 0 0 0   
Blank2 1 0   0 0 0 0   
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MPN Fecal Coliform/E. coli   
Sample Collection: 10/19/05  10:40  HC Project ID: MUS 
Delivery: 10/19/05 16:10  HC Batch ID: 10-19-05 
Start Analysis: 10/15/05  16:25  HC SOP#/Ver.: MPN MB111, Ver. 1.3 
LT 24-hour reading: 10/20/05 15:20 HC Incub #/Temp.: 34.7°C 
LT 48-hour reading: 10/21/05 15:40 HC Incub #/Temp.: 35.3°C 
EC 24-hour reading: 10/21/05 15:40 HC Incub #/Temp.:44.5°C 
LT broth lot#: A5265,A5227 EC/MUG broth lot#: : A5241 
Experiment Sysytem: MUS , Bayou Segnette, East Side 
Sample ID Dilution LT broth positives 
Volume 
of 
original 
sample 
(ml) 
EC/MUG 
broth gas 
positives 
EC/MUG broth 
fluorescence 
positives 
Fecal 
MPN/100 
mL  
E. coli. 
MPN/100 
mL 
Comments
1 5 10 3 2 11 7   
10 5 1 1 1       
BE-9 100 5 0.1 0 0       
1 5 10 3 2 11 7   
10 3 1 1 1       
DE-9 100 1 0.1 0 0       
1 5 10 2 2 4 4   
10 3 1           
DE-9(duplicate) 100 1 0.1           
1 5 10 5 5 23 23   
10 5 1 0 0       
AE-15 100 0 0.1 0 0       
1 1 10 0 0 2 2   
10 1 1 1 1       
BE-15  100 0 0.1 0 0       
1 3 10 1 1 2 2   
10 1 1 0 0       
CE-15 100 1 0.1 0 0       
1 4 10 2 2 4 4   
10 0 1 0 0       
DE-15 100 0 0.1 0 0       
1 5 10 3 3 14 14   
10 5 1 1 1       
EE-15 100 5 0.1 1 1       
1 4 10 1 1 2 2   
10 0 1 0 0       
FE-15 100 0 0.1 0 0       
1 5 10 5 5 30 30   
10 1 1 1 1       
GE-15 100 0 0.1 0 0       
1 5 10 1 1 6 6   
10 3 1 2 2       
HE-15 100 0 0.1 0 0       
IE-14 1 5 10 4 4 33 33   
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10 5 1 3 3        
100 5 0.1 1 1       
1 5 10 5 4 30 17   
10 5 1 1 1       
JE-14 100 2 0.1 0 0       
1 2 10 2 1 4 2   
10 0 1 0 0       
KE-14 100 0 0.1 0 0       
1 1 10 1 0 2 0   
10 0 1 0 0       KE-
14(duplicate) 100 0 0.1 0 0       
1 5 10 4 4 17 17   
10 1 1 1 1       
LE-14 100 0 0.1 0 0       
1 5 10 4 3 13 8   
10 0 1 0 0       
LE-14(duplicate) 100 0 0.1 0 0       
1 5 10 2 2 4 4   
10 4 1 0 0       
ME-13 100 0 0.1 0 0       
1 5 10 0 0 0 0   
10 0 1 0 0       
NE-13 100 0 0.1 0 0       
1 5 10 2 2 12 12   
10 5 1 3 3       
OE-13 100 5 0.1 0 0       
1 4 10 3 2 8 4   
10 0 1 0 0       
PE-13 100 0 0.1 0 0       
1 4 10 4 4 17 17   
10 2 1 1 1       
QE-13  100 2 0.1 0 0       
1 5 10 3 0 11 0   
10 5 1 1 0       
100 3 0.1 0 0       
1000 1 0.01 0 0       
Primar East 10000 1 0.001 0 0       
1 5 10 3 3 8 8   
10 3 1 0 0       
Middle Channel 100 1 0.1 0 0       
1 5 10 4 4 22 22   
10 4 1 2 2       
Dock 100 0 0.1 0 0       
Trip Blank 1 0   0 0 0 0   
Blank1 1 0   0 0 0 0   
Blank2 1 0   0 0 0 0   
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MPN Fecal Coliform/E. coli   
Sample Collection: 11/18/05  10:20  HC Project ID: MUS 
Delivery: 11/18/05 15:50  HC Batch ID: 11-18-05 
Start Analysis: 11/18/05  16:00  HC SOP#/Ver.: MPN MB111, Ver. 1.3 
LT 24-hour reading: 11/19/05 15:50 HC Incub #/Temp.: 35.2°C 
LT 48-hour reading: 11/20/05 15:30 HC Incub #/Temp.: 35.2°C 
EC 24-hour reading: 10/21/05 15:30 HC Incub #/Temp.:44.5°C 
LT broth lot#: A5305 EC/MUG broth lot#: : A5297 
Experiment Sysytem: MUS , Bayou Segnette, East Side 
Sample ID Dilution LT broth positives 
Volume of 
original 
sample 
(ml) 
EC/MUG 
broth gas 
positives 
EC/MUG broth 
fluorescence 
positives 
Fecal 
MPN/100 
mL  
E. coli. 
MPN/100 
mL 
Comments
1 5 10 5 5 170 170   
10 5 1 4 4       
AE-9 100 5 0.1 1 1       
1 5 10 0 0 0 0   
10 0 1 0 0       
CE-9 100 0 0.1 0 0       
1 5 10 1 1 2 2   
10 0 1 0 0       
AE-15 100 1 0.1 0 0       
1 5 10 0 0 0 0   
10 0 1 0 0       
BE-15  100 0 0.1 0 0       
1 5 10 0 0 0 0   
10 0 1 0 0       
CE-15 100 0 0.1 0 0       
1 5 10 5 5 240 240   
10 5 1 5 5       
DE-15 100 1 0.1 0 0       
1 5 10 0 0 0 0   
10 0 1 0 0       
EE-15 100 0 0.1 0 0       
1 5 10 2 2 4 4   
10 5 1 0 0       
FE-15 100 1 0.1 0 0       
1 5 10 0 0 0 0   
10 0 1 0 0       
GE-15 100 0 0.1 0 0       
1 5 10 0 0 0 0   
10 0 1 0 0       
HE-15 100 0 0.1 0 0       
1 5 10 0 0 0 0   
10 0 1 0 0       
IE-14 100 0 0.1 0 0       
JE-14 1 0 10 0 0 0 0   
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10 0 1 0 0        
100 0 0.1 0 0       
1 4 10 0 0 0 0   
10 2 1 0 0       
KE-14 100 1 0.1 0 0       
1 4 10 0 0 0 0   
10 1 1 0 0       KE-
14(duplicate) 100 1 0.1 0 0       
1 0 10 0 0 0 0   
10 0 1 0 0       
LE-14 100 0 0.1 0 0       
1 5 10 2 2 4 4   
10 5 1 0 0       
SE-9 100 5 0.1 0 0       
1 4 10 0 0 0 0   
10 0 1 0 0       
TE-9 100 0 0.1 0 0       
1 3 10 0 0 0 0   
10 0 1 0 0       
UE-9 100 0 0.1 0 0       
1 0 10 0 0 0 0   
10 0 1 0 0       
VE-9 100 0 0.1 0 0       
1 0 10 0 0 0 0   
10 0 1 0 0       
VE-9 (duplicate) 100 0 0.1 0 0       
1 1 10 0 0 0 0   
10 0 1 0 0       Background 
well 100 0 0.1 0 0       
1 2 10 0 0 0 0   
10 0 1 0 0       Background 
well (duplicate) 100 0 0.1 0 0       
1 5 10 3 3 11 8   
10 5 1 1 0       
100 4 0.1 0 0       
1000 1 0.01 0 0       
Primar East       0 0       
1 5 10 5 5 80 80   
10 5 1 3 3       
Middle Channel 100 3 0.1 0 0       
1 5 10 4 4 22 22   
10 5 1 2 2       
Dock 100 0 0.1 0 0       
Trip Blank 1 0   0 0 0 0   
Blank1 1 0   0 0 0 0   
Blank2 1 0   0 0 0 0   
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MPN Fecal Coliform/E. coli   
Sample Collection: 12/05/05  10:40  HC Project ID: MUS 
Delivery: 12/05/05 16:10  HC Batch ID: 10-19-05 
Start Analysis: 12/05/05  16:25  HC SOP#/Ver.: MPN MB111, Ver. 1.3 
LT 24-hour reading: 12/06/05 16:24 HC Incub #/Temp.: 35.4°C 
LT 48-hour reading: 12/07/05 16:00 HC Incub #/Temp.: 35.8°C 
EC 24-hour reading: 12/07/05 15:30 HC Incub #/Temp.:44.5°C 
LT broth lot#: A5321,A5305 EC/MUG broth lot#: : A5297 
Experiment Sysytem: MUS , Bayou Segnette, East Side 
Sample ID Dilution LT broth positives 
Volume of 
original 
sample 
(ml) 
EC/MUG 
broth gas 
positives 
EC/MUG broth 
fluorescence 
positives 
Fecal 
MPN/100 
mL  
E. coli. 
MPN/100 
mL 
Comments
1 5 10 0 0 0 0   
10 5 1 0 0       
BE-9 100 5 0.1 0 0       
1 5 10 0 0 0 0   
10 5 1 0 0       
DE-9 100 5 0.1 0 0       
1 5 10 5 5 130 130   
10 4 1 4 4       
AE-15 100 0 0.1 0 0       
1 5 10 0 0 0 0   
10 3 1 0 0       
BE-15  100 4 0.1 0 0       
1 5 10 0 0 0 0   
10 0 1 0 0       
CE-15 100 0 0.1 0 0       
1 5 10 5 5 70 70   
10 3 1 2 2       
DE-15 100 1 0.1 1 1       
1 0 10 0 0 0 0   
10 0 1 0 0       
EE-15 100 0 0.1 0 0       
1 5 10 0 0 0 0   
10 0 1 0 0       
FE-15 100 0 0.1 0 0       
1 5 10 0 0 0 0   
10 0 1 0 0       
GE-15 100 0 0.1 0 0       
1 5 10 0 0 0 0   
10 1 1 0 0       
HE-15 100 0 0.1 0 0       
1 1 10 0 0 0 0   
10 0 1 0 0       
IE-14 100 0 0.1 0 0       
JE-14 1 0 10 0 0 0 0   
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10 0 1 0 0        
100 0 0.1 0 0       
1 2 10 0 0 0 0   
10 0 1 0 0       
KE-14 100 0 0.1 0 0       
1 3 10 0 0 0 0   
10 0 1 0 0       KE-
14(duplicate) 100 0 0.1 0 0       
1 5 10 4 4 17 17   
10 1 1 1 1       
LE-14 100 0 0.1 0 0       
1 4 10 1 1 2 2   
10 1 1 0 0       
ME-13 100 0 0.1 0 0       
1 0 10 0 0 0 0   
10 0 1 0 0       
NE-13 100 0 0.1 0 0       
1 1 10 0 0 0 0   
10 0 1 0 0       
OE-13 100 0 0.1 0 0       
1 3 10 0 0 0 0   
10 0 1 0 0       
PE-13 100 0 0.1 0 0       
1 5 10 1 0 4 2   
10 1 1 1 1       
QE-13  100 0 0.1 0 0       
1 5 10 2 2 9 7   
10 5 1 1 1       
Primar East 100 2 0.1 1 0       
1 5 10 5 5 50 23   
10 4 1 2 0       
Middle Channel 100 0 0.1 0 0       
1 5 10 5 5 ≥1600 ≥1600   
10 5 1 5 5       
Dock 100 5 0.1 5 5       
Trip Blank 1 0   0 0 0 0   
Blank1 1 0   0 0 0 0   
Blank2 1 0   0 0 0 0   
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MPN Fecal Coliform/E. coli   
Sample Collection: 1/10/06  10:20  HC Project ID: MUS 
Delivery: 1/10/06 15:10  HC Batch ID: 1-10-06 
Start Analysis: 1/10/06  15:30  HC SOP#/Ver.: MPN MB111, Ver. 1.3 
LT 24-hour reading: 1/11/06 16:00 HC Incub #/Temp.: 35.8°C 
LT 48-hour reading: 1/12/06 16:00 HC Incub #/Temp.: 35.3°C 
EC 24-hour reading: 1/12/06 16:00 HC Incub #/Temp.:44.5°C 
LT broth lot#: A5305 EC/MUG broth lot#: : A5297 
Experiment Sysytem: MUS , Bayou Segnette, East Side 
Sample ID Dilution LT broth positives 
Volume 
of 
original 
sample 
(ml) 
EC/MUG 
broth gas 
positives 
EC/MUG broth 
fluorescence 
positives 
Fecal 
MPN/100 
mL  
E. coli. 
MPN/100 
mL 
Comments
1 5 10 0 0 <2 <2   
10 5 1 0 0       
AE-9 100 5 0.1 0 0       
1 5 10 0 0 <2 <2   
10 0 1 0 0       
CE-9 100 0 0.1 0 0       
1 5 10 3 3 11 11   
10 3 1 1 1       
AE-15 100 0 0.1 0 0       
1 5 10 3 3 8 8   
10 3 1 0 0       AE-15   
(duplicate) 100 1 0.1 0 0       
1 5 10 1 1 2 2   
10 1 1 0 0       
DE-15 100 1 0.1 0 0       
1 5 10 1 1 2 2   
10 2 1 0 0       
EE-15 100 0 0.1 0 0       
1 5 10 2 2 9 9   
10 5 1 2 2       
FE-15 100 1 0.1 0 0       
1 5 10 0 0 <2 <2   
10 2 1 0 0       
GE-15 100 1 0.1 0 0       
1 5 10 0 0 <2 <2   
10 5 1 0 0       
HE-15 100 5 0.1 0 0       
1 5 10 0 0 <2 <2   
10 0 1 0 0       
IE-14 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
JE-14 100 0 0.1 0 0       
KE-14 1 4 10 4 4 26 26   
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10 4 1 2 2        
100 3 0.1 1 1       
1 5 10 5 5 80 80   
10 5 1 3 3       
KE-14(duplicate) 100 5 0.1 0 0       
1 5 10 0 0 <2 <2   
10 3 1 0 0       
LE-14 100 2 0.1 0 0       
1 4 10 2 0 2 <2   
10 1 1 0 0       
SE-9 100 1 0.1 0 0       
1 5 10 0 0 <2 <2   
10 5 1 0 0       
TE-9 100 3 0.1 0 0       
1 3 10 0 0 <2 <2   
10 4 1 0 0       
UE-9 100 4 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
VE-9 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
VE-9 (duplicate) 100 0 0.1 0 0       
1 4 10 3 1 8 2   
10 0 1 0 0       
Background well 100 0 0.1 0 0       
1 5 10 2 2 4 4   
10 5 1 0 0       
Primar East 100 5 0.1 0 0       
1 5 10 1 1 2 2   
10 5 1 0 0       
Middle Channel 100 1 0.1 0 0       
1 5 10 5 5 23 23   
10 3 1 0 0       
Dock 100 2 0.1 0 0       
Trip Blank 1 0   0 0 <2 <2   
Blank1 1 0   0 0 <2 <2   
Blank2 1 0   0 0 <2 <2   
1 5 10 5 5 240 240   
10 5 1 5 5       
A(P-125-083) 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
B(P125-083) 100 0 0.1 0 0       
1 5 10 5 5 240 240   
10 5 1 5 5       
PT(P131-083) 100 1 0.1 0 0       
 
 147 
MPN Fecal Coliform/E. coli   
Sample Collection: 2/15/06  10:48  HC Project ID: MUS 
Delivery: 2/15/06 16:00  HC Batch ID: 2-15-06 
Start Analysis: 2/15/06  16:10  HC SOP#/Ver.: MPN MB111, Ver. 1.3 
LT 24-hour reading: 2/16/06 16:30 TF Incub #/Temp.: 34.8°C 
LT 48-hour reading: 2/17/06 16:30 HC Incub #/Temp.: 34.8°C 
Experiment Sysytem: MUS , Bayou Segnette, East Side 
Sample ID Dilution LT broth positives 
Volume 
of 
original 
sample 
(ml) 
EC/MUG 
broth gas 
positives 
EC/MUG broth 
fluorescence 
positives 
Fecal 
MPN/100 
mL  
E. coli. 
MPN/100 
mL 
Comments
1 5 10 0 0 <2 <2   
10 3 1 0 0       
BE-9 100 0 0.1 0 0       
1 4 10 0 0 <2 <2   
10 4 1 0 0       
DE-9 100 4 0.1 0 0       
1 1 10 0 0 <2 <2   
10 0 1 0 0       
AE-15 100 0 0.1 0 0       
1 3 10 0 0 <2 <2   
10 0 1 0 0       
BE-15  100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
CE-15 100 0 0.1 0 0       
1 5 10 0 0 <2 <2   
10 0 1 0 0       
DE-15 100 0 0.1 0 0       
1 5 10 0 0 <2 <2   
10 0 1 0 0       
EE-15 100 0 0.1 0 0       
1 1 10 0 0 <2 <2   
10 1 1 0 0       
FE-15 100 0 0.1 0 0       
1 3 10 1 0 2 <2   
10 0 1 0 0       
GE-15 100 0 0.1 0 0       
1 2 10 0 0 <2 <2   
10 1 1 0 0       
HE-15 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
IE-14 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
JE-14 100 0 0.1 0 0       
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1 3 10 0 0 <2 <2   
10 1 1 0 0       
KE-14 100 0 0.1 0 0       
1 4 10 0 0 <2 <2   
10 0 1 0 0       
KE-14(duplicate) 100 0 0.1 0 0       
1 5 10 0 0 <2 <2   
10 5 1 0 0       
LE-14 100 2 0.1 0 0       
1 5 10 1 0 2 <2   
10 3 1 0 0       
LE-14(duplicate) 100 1 0.1 0 0       
1 2 10 0 0 <2 <2   
10 0 1 0 0       
ME-13 100 0 0.1 0 0       
1 3 10 1 0 2 <2   
10 0 1 0 0       
NE-13 100 0 0.1 0 0       
1 3 10 1 0 <2 <2   
10 0 1 0 0       NE-13   
(duplicate) 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
OE-13 100 0 0.1 0 0       
1 2 10 0 0 <2 <2   
10 2 1 0 0       
PE-13 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
QE-13  100 0 0.1 0 0       
1 5 10 1 0 2 <2   
10 5 1 0 0       
Primar East 100 5 0.1 0 0       
1 5 10 4 4 17 17   
10 3 1 1 1       
Middle Channel 100 0 0.1 0 0       
1 5 10 5 5 ≥1600 900   
10 5 1 5 5       
Dock 100 5 0.1 5 3       
Trip Blank 1 0   0 0 0 0   
Blank1 1 0   0 0 0 0   
Blank2 1 0   0 0 0 0   
1 4 10 4 4 17 17   
10 1 1 1 1       
A(P-124-083) 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
B(P124-083) 100 0 0.1 0 0       
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MPN Fecal Coliform/E. coli   
Sample Collection: 3/11/06  10:00  LP&TF Project ID: MUS 
Delivery: 3/11/06 14:30  LP&TF Batch ID: 3-11-06 
Start Analysis: 3/11/06  15:10  HC&TC SOP#/Ver.: MPN MB111, Ver. 1.3 
LT 24-hour reading: 3/12/06 15:30 TF Incub #/Temp.: 35.2°C 
LT 48-hour reading: 3/13/06 15:30 TF Incub #/Temp.: 35.3°C 
EC 24-hour reading: 3/12/06 14:30 HC Incub #/Temp.:44.5°C 
LT broth lot#: A6048 EC/MUG broth lot#: : A6017 
Experiment Sysytem: MUS , Bayou Segnette, East Side 
Sample ID Dilution LT broth positives 
Volume 
of 
original 
sample 
(ml) 
EC/MUG 
broth gas 
positives 
EC/MUG broth 
fluorescence 
positives 
Fecal 
MPN/100 
mL  
E. coli. 
MPN/100 
mL 
Comments
1 5 10 3 3 8 8   
10 5 1 0 0       
AE-9 100 3 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
CE-9 100 0 0.1 0 0       
1 5 10 0 0 <2 <2   
10 0 1 0 0       
AE-15 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
DE-15 100 0 0.1 0 0       
1 5 10 0 0 <2 <2   
10 0 1 0 0       
EE-15 100 0 0.1 0 0       
1 1 10 0 0 <2 <2   
10 0 1 0 0       
FE-15 100 0 0.1 0 0       
1 5 10 0 0 <2 <2   
10 0 1 0 0       
HE-15 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
IE-14 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       IE-14  
(duplicate) 100 0 0.1 0 0       
1 5 10 0 0 <2 <2   
10 0 1 0 0       
KE-14 100 0 0.1 0 0       
1 5 10 0 0 <2 <2   
10 1 1 0 0       KE-
14(duplicate) 100 0 0.1 0 0       
Primar East 1 5 10 1 1 2 2   
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10 5 1 0 0        
100 5 0.1 0 0       
1 5 10 5 5 220 110   
10 5 1 4 3       
Middle Channel 100 4 0.1 2 1       
1 5 10 5 5 110 80   
10 5 1 3 3       
Dock 100 2 0.1 1 0       
Trip Blank 1 0   0 0 <2 <2   
Blank1 1 0   0 0 <2 <2   
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MPN Fecal Coliform/E. coli   
Sample Collection: 4/27/06  10:15  HC Project ID: MUS 
Delivery: 4/27/06 15:00  HC Batch ID: 4-27-06 
Start Analysis: 4/27/06  15:05  HC SOP#/Ver.: MPN MB111, Ver. 1.3 
LT 24-hour reading: 4/28/06 14:34 HC Incub #/Temp.: 35.4°C 
LT 48-hour reading: 4/29/06 14:30 HC Incub #/Temp.: 35.3°C 
EC 24-hour reading: 4/29/06 14:30 HC Incub #/Temp.:44.5°C 
LT broth lot#: A6048 EC/MUG broth lot#: : A6012 
Experiment Sysytem: MUS , Bayou Segnette, East Side 
Sample ID Dilution LT broth positives 
Volume 
of 
original 
sample 
(ml) 
EC/MUG 
broth gas 
positives 
EC/MUG broth 
fluorescence 
positives 
Fecal 
MPN/100 
mL  
E. coli. 
MPN/100 
mL 
Comments
1 5 10 1 1 4 4   
10 2 1 1 1       
BE-9 100 0 0.1 0 0       
1 5 10 2 2 9 9   
10 3 1 2 2       
DE-9 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
AE-15 100 0 0.1 0 0       
1 3 10 0 0 <2 <2   
10 0 1 0 0       
BE-15 100 0 0.1 0 0       
1 1 10 0 0 <2 <2   
10 0 1 0 0       
CE-15 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
DE-15 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
EE-15 100 0 0.1 0 0       
1 3 10 3 3 8 8   
10 0 1 0 0       
FE-15 100 0 0.1 0 0       
1 5 10 3 3 11 11   
10 1 1 1 1       
GE-15 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
HE-15 100 0 0.1 0 0       
1 3 10 2 0 4 <2   
10 0 1 0 0       
IE-14   100 0 0.1 0 0       
KE-14 1 0 10 0 0 <2 <2   
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10 0 1 0 0        
100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       KE-
14(duplicate) 100 0 0.1 0 0       
1 2 10 0 0 <2 <2   
10 0 1 0 0       
ME-13 100 0 0.1 0 0       
1 2 10 0 0 <2 <2   
10 0 1 0 0       ME-
13(duplicate) 100 0 0.1 0 0       
1 2 10 0 0 <2 <2   
10 0 1 0 0       
OE-13 100 0 0.1 0 0       
1 2 10 0 0 <2 <2   
10 0 1 0 0       
TE-9   100 0 0.1 0 0       
1 3 10 0 0 <2 <2   
10 0 1 0 0       TE-9  
(duplicate) 100 0 0.1 0 0       
1 2 10 1 1 2 2   
10 0 1 0 0       
UE-9   100 0 0.1 0 0       
1 5 10 3 3 8 8   
10 3 1 0 0       
Primar East 100 0 0.1 0 0       
1 5 10 4 4 27 27   
10 5 1 3 3       
Middle Channel 100 4 0.1 0 0       
1 5 10 5 5 170 38   
10 5 1 3 3       
Dock 100 5 0.1 3 3       
1 5 10 5 5 130 130   
10 4 1 4 4       
QC-A(083) 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
QC-B(083) 100 0 0.1 0 0       
Trip Blank 1 0   0 0 <2 <2   
Blank1 1 0   0 0 <2 <2   
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MPN Fecal Coliform/E. coli   
Sample Collection: 5/15/06  9:52  HC Project ID: MUS 
Delivery: 5/15/06 14:40  HC Batch ID: 5-15-06 
Start Analysis: 5/15/06  15:00  HC SOP#/Ver.: MPN MB111, Ver. 1.3 
LT 24-hour reading: 5/16/06 14:30 HC Incub #/Temp.: 35.2°C 
LT 48-hour reading: 5/17/06 15:00 HC Incub #/Temp.: 35.0°C 
EC 24-hour reading: 5/17/06 15:00 HC Incub #/Temp.:44.5°C 
LT broth lot#: A6118 EC/MUG broth lot#: : A6107 
Experiment Sysytem: MUS , Bayou Segnette, East Side 
Sample ID Dilution LT broth positives 
Volume 
of 
original 
sample 
(ml) 
EC/MUG 
broth gas 
positives 
EC/MUG broth 
fluorescence 
positives 
Fecal 
MPN/100 
mL  
E. coli. 
MPN/100 
mL 
Comments
1 5 10 3 3 11 11   
10 5 1 1 1       
AE-9 100 5 0.1 0 0       
1 5 10 0 0 <2 <2   
10 5 1 0 0       
CE-9 100 5 0.1 0 0       
1 5 10 4 4 17 17   
10 5 1 1 1       
AE-15 100 3 0.1 0 0       
1 5 10 1 1 2 2   
10 2 1 0 0       
BE-15 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
CE-15 100 0 0.1 0 0       
1 5 10 0 0 <2 <2   
10 5 1 0 0       
DE-15 100 3 0.1 0 0       
1 3 10 1 1 2 2   
10 0 1 0 0       
EE-15 100 0 0.1 0 0       
1 4 10 0 0 <2 <2   
10 0 1 0 0       
FE-15 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
GE-15 100 0 0.1 0 0       
1 1 10 0 0 <2 <2   
10 0 1 0 0       
HE-15 100 0 0.1 0 0       
1 5 10 1 1 2 2   
10 5 1 0 0       
IE-14   100 0 0.1 0 0       
IE-14  1 5 10 1 1 4 4   
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10 5 1 1 1       (duplicate) 
100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
KE-14 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       KE-
14(duplicate) 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
NE-13 100 0 0.1 0 0       
1 5 10 5 5 140 140   
10 5 1 3 3       
PE-13 100 5 0.1 2 2       
1 2 10 2 2 4 4   
10 2 1 0 0       
SE-9 100 0 0.1 0 0       
1 2 10 0 0 2 2   
10 1 1 1 1       SE-9  
(duplicate) 100 0 0.1 0 0       
1 5 10 0 0 <2 <2   
10 0 1 0 0       
VE-9  100 0 0.1 0 0       
1 5 10 4 1 13 2   
10 5 1 0 0       
Primar East 100 3 0.1 0 0       
1 5 10 2 2 4 4   
10 3 1 0 0       
Middle Channel 100 0 0.1 0 0       
1 5 10 3 3 8 8   
10 2 1 0 0       
Dock 100 1 0.1 0 0       
1 5 10 5 5 30 30   
10 1 1 1 1       
QC-A(083) 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
QC-B(083) 100 0 0.1 0 0       
Trip Blank 1 0   0 0 <2 <2   
Blank1 1 0   0 0 <2 <2   
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MPN Fecal Coliform/E. coli   
Sample Collection: 6/5/06  9:40  HC Project ID: MUS 
Delivery: 6/5/06 14:30  HC Batch ID: 6-6-06 
Start Analysis: 6/5/06  14:40  HC SOP#/Ver.: MPN MB111, Ver. 1.3 
LT 24-hour reading: 6/6/06 14:30 HC Incub #/Temp.: 35.4°C 
LT 48-hour reading: 6/7/06 15:15 HC Incub #/Temp.: 34.7°C 
EC 24-hour reading: 6/7/06 15:00 HC Incub #/Temp.:44.5°C 
LT broth lot#: A6128 EC/MUG broth lot#: : A6012 
Experiment Sysytem: MUS , Bayou Segnette, East Side 
Sample ID Dilution LT broth positives 
Volume 
of 
original 
sample 
(ml) 
EC/MUG 
broth gas 
positives 
EC/MUG broth 
fluorescence 
positives 
Fecal 
MPN/100 
mL  
E. coli. 
MPN/100 
mL 
Comments
1 5 10 0 0 <2 <2   
10 5 1 0 0       
BE-9 100 3 0.1 0 0       
1 5 10 4 4 13 13   
10 5 1 0 0       
DE-9 100 5 0.1 0 0       
1 5 10 0 0 <2 <2   
10 5 1 0 0       
AE-15 100 0 0.1 0 0       
1 4 10 0 0 <2 <2   
10 0 1 0 0       
BE-15 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
CE-15 100 0 0.1 0 0       
1 5 10 1 0 2 <2   
10 5 1 0 0       
DE-15 100 5 0.1 0 0       
1 3 10 0 0 <2 <2   
10 0 1 0 0       
EE-15 100 0 0.1 0 0       
1 4 10 0 0 <2 <2   
10 0 1 0 0       
FE-15 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
GE-15 100 0 0.1 0 0       
1 4 10 0 0 <2 <2   
10 0 1 0 0       
HE-15 100 0 0.1 0 0       
1 5 10 1 0 2 <2   
10 0 1 0 0       
IE-14   100 0 0.1 0 0       
IE-14  1 5 10 0 0 <2 <2   
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10 0 1 0 0       (duplicate) 
100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
KE-14 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       KE-
14(duplicate) 100 0 0.1 0 0       
1 5 10 1 0 2 <2   
10 2 1 0 0       
NE-13 100 2 0.1 0 0       
1 5 10 0 0 <2 <2   
10 5 1 0 0       
PE-13 100 5 0.1 0 0       
1 5 10 4 4 33 33   
10 5 1 3 3       
SE-9 100 5 0.1 1 1       
1 5 10 5 5 50 50   
10 5 1 1 1       SE-9  
(duplicate) 100 4 0.1 1 1       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
VE-9  100 0 0.1 0 0       
1 5 10 5 5 23 23   
10 1 1 0 0       
Primar East 100 0 0.1 0 0       
1 3 10 0 0 <2 <2   
10 1 1 0 0       
Middle Channel 100 0 0.1 0 0       
1 5 10 5 5 170 170   
10 4 1 4 4       
Dock 100 1 0.1 1 1       
1 5 10 5 5 30 30   
10 1 1 1 1       QC-A (P128-
083) 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       QC-B(P128-
083) 100 0 0.1 0 0       
Trip Blank 1 0   0 0 <2 <2   
Blank1 1 0   0 0 <2 <2   
Blank2 1 0   0 0 <2 <2   
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MPN Fecal Coliform/E. coli   
Sample Collection: 6/15/06  9:10  HC Project ID: MUS 
Delivery: 6/15/06 14:30  HC Batch ID: 6-15-06 
Start Analysis: 6/15/06  14:40  HC SOP#/Ver.: MPN MB111, Ver. 1.3 
LT 24-hour reading: 6/16/06 14:40 HC Incub #/Temp.: 34.9°C 
LT 48-hour reading: 6/17/06 15:00 HC Incub #/Temp.: 35.2°C 
EC 24-hour reading: 6/17/06 15:00 HC Incub #/Temp.:44.5°C 
LT broth lot#: A6144 EC/MUG broth lot#: : A6135 
Experiment Sysytem: MUS , Bayou Segnette, East Side 
Sample ID Dilution LT broth positives 
Volume 
of 
original 
sample 
(ml) 
EC/MUG 
broth gas 
positives 
EC/MUG broth 
fluorescence 
positives 
Fecal 
MPN/100 
mL  
E. coli. 
MPN/100 
mL 
Comments
1 5 10 3 3 14 11   
10 3 1 2 1       
AE-9 100 0 0.1 0 0       
1 1 10 0 0 <2 <2   
10 0 1 0 0       
CE-9 100 0 0.1 0 0       
1 5 10 0 0 <2 <2   
10 0 1 0 0       
AE-15 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
BE-15 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
CE-15 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       CE-15 
(duplicate) 100 0 0.1 0 0       
1 5 10 0 0 <2 <2   
10 0 1 0 0       
DE-15 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
EE-15 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       EE-15 
(duplicate) 100 0 0.1 0 0       
1 4 10 0 0 <2 <2   
10 0 1 0 0       
FE-15 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
GE-15 100 0 0.1 0 0       
HE-15   1 0 10 0 0 <2 <2   
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10 0 1 0 0        
100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
IE-14   100 0 0.1 0 0       
1 5 10 0 0 <2 <2   
10 0 1 0 0       
KE-14 100 0 0.1 0 0       
1 5 10 0 0 <2 <2   
10 0 1 0 0       KE-
14(duplicate) 100 0 0.1 0 0       
1 5 10 5 5 300 300   
10 5 1 5 5       
ME-13 100 4 0.1 1 1       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
OE-13 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
TE-9 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
UE-9  100 0 0.1 0 0       
1 5 10 1 1 2 2   
10 1 1 0 0       
Primar East 100 0 0.1 0 0       
1 5 10 1 1 6 6   
10 2 1 2 2       
Middle Channel 100 0 0.1 0 0       
1 5 10 3 3 11 11   
10 4 1 1 1       
Dock 100 0 0.1 0 0       
1 5 10 5 5 70 70   
10 2 1 2 2       QC-A (P130-
083) 100 1 0.1 1 1       
1 0 10 0 0 <2 <2   
10 0 1 0 0       QC-B(P130-
083) 100 0 0.1 0 0       
Trip Blank 1 0   0 0 <2 <2   
Blank1 1 0   0 0 <2 <2   
Blank2 1 0   0 0 <2 <2   
 
 
 
 
 
 
 
 159 
MPN Fecal Coliform/E. coli   
Sample Collection: 7/6/06  8:40  HC Project ID: MUS 
Delivery: 7/6/06 14:22  HC Batch ID: 7-6-06 
Start Analysis: 7/6/06  14:30  HC SOP#/Ver.: MPN MB111, Ver. 1.3 
LT 24-hour reading: 7/7/06 14:40 HC Incub #/Temp.: 35.0°C 
LT 48-hour reading: 7/8/06 15:25 HC Incub #/Temp.: 35.4°C 
EC 24-hour reading: 7/8/06 15:25 HC Incub #/Temp.:44.5°C 
LT broth lot#: A6144 EC/MUG broth lot#: : A6135 
Experiment Sysytem: MUS , Bayou Segnette, East Side 
Sample ID Dilution LT broth positives 
Volume 
of 
original 
sample 
(ml) 
EC/MUG 
broth gas 
positives 
EC/MUG broth 
fluorescence 
positives 
Fecal 
MPN/100 
mL  
E. coli. 
MPN/100 
mL 
Comments
1 5 10 3 3 17 17   
10 5 1 2 2       
BE-9 100 5 0.1 1 1       
1 5 10 0 0 <2 <2   
10 0 1 0 0       
DE-9 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
AE-15 100 0 0.1 0 0       
1 5 10 5 4 110 33   
10 5 1 3 3       
BE-15 100 1 0.1 1 1       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
CE-15 100 0 0.1 0 0       
1 2 10 0 0 <2 <2   
10 0 1 0 0       
DE-15 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
EE-15 100 0 0.1 0 0       
1 5 10 0 0 <2 <2   
10 5 1 0 0       
FE-15 100 1 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
GE-15 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
HE-15 100 0 0.1 0 0       
1 5 10 0 0 <2 <2   
10 1 1 0 0       
IE-14   100 0 0.1 0 0       
KE-14   1 2 10 0 0 <2 <2   
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10 0 1 0 0        
100 0 0.1 0 0       
1 3 10 0 0 <2 <2   
10 0 1 0 0       KE-
14(duplicate) 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
NE-13 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       NE-
13(duplicate) 100 0 0.1 0 0       
1 5 10 0 0 <2 <2   
10 4 1 0 0       
QE-13 100 0 0.1 0 0       
1 5 10 5 5 130 130   
10 5 1 4 4       
SE-9 100 5 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
VE-9  100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       VE-9 
(duplicate) 100 0 0.1 0 0       
1 5 10 4 4 22 22   
10 2 1 2 2       
Primar East 100 1 0.1 0 0       
1 3 10 0 0 <2 <2   
10 1 1 0 0       
Middle Channel 100 0 0.1 0 0       
1 5 10 5 5 30 23   
10 4 1 1 0       
Dock 100 1 0.1 0 0       
1 5 10 5 5 130 130   
10 4 1 4 4       QC-A (P130-
083) 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       QC-B(P130-
083) 100 0 0.1 0 0       
Trip Blank 1 0   0 0 <2 <2   
Blank1 1 0   0 0 <2 <2   
Blank2 1 0   0 0 <2 <2   
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MPN Fecal Coliform/E. coli   
Sample Collection: 7/19/06  8:40  HC Project ID: MUS 
Delivery: 7/19/06 140:00  HC Batch ID: 7-19-06 
Start Analysis: 7/19/06  14:05  HC SOP#/Ver.: MPN MB111, Ver. 1.3 
LT 24-hour reading: 7/20/06 14:40 HC Incub #/Temp.: 34.8°C 
LT 48-hour reading: 7/21/06 14:40 HC Incub #/Temp.: 35.0°C 
EC 24-hour reading: 7/21/06 14:40 HC Incub #/Temp.:44.5°C 
LT broth lot#: A6048 EC/MUG broth lot#: : A6135 
Experiment Sysytem: MUS , Bayou Segnette, East Side 
Sample ID Dilution LT broth positives 
Volume 
of 
original 
sample 
(ml) 
EC/MUG 
broth gas 
positives 
EC/MUG broth 
fluorescence 
positives 
Fecal 
MPN/100 
mL  
E. coli. 
MPN/100 
mL 
Comments
1 5 10 3 3 8 8   
10 5 1 0 0       
AE-9 100 5 0.1 0 0       
1 5 10 2 0 4 <2   
10 5 1 0 0       
CE-9 100 5 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
AE-15 100 0 0.1 0 0       
1 5 10 4 4 27 22   
10 5 1 3 2       
BE-15 100 3 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
CE-15 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
DE-15  100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       DE-
15(duplicate) 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
EE-15 100 0 0.1 0 0       
1 5 10 0 0 <2 <2   
10 5 1 0 0       
FE-15  100 0 0.1 0 0       
1 5 10 0 0 <2 <2   
10 4 1 0 0       FE-
15(duplicate) 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
GE-15 100 0 0.1 0 0       
HE-15   1 5 10 0 0 <2 <2   
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10 0 1 0 0        
100 0 0.1 0 0       
1 5 10 0 0 <2 <2   
10 0 1 0 0       
IE-14   100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
KE-14 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       KE-
14(duplicate) 100 0 0.1 0 0       
1 5 10 3 3 14 14   
10 5 1 1 1       
ME-13 100 5 0.1 1 1       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
QE-13 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
TE-9 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
UE-9  100 0 0.1 0 0       
1 5 10 0 0 <2 <2   
10 3 1 0 0       
Primar East 100 0 0.1 0 0       
1 3 10 1 0 2 <2   
10 1 1 0 0       
Middle Channel 100 0 0.1 0 0       
1 5 10 2 2 9 7   
10 5 1 1 1       
Dock 100 4 0.1 1 0       
1 5 10 5 5 900 900   
10 5 1 5 5       QC-A (P130-
083) 100 4 0.1 3 3       
1 0 10 0 0 <2 <2   
10 0 1 0 0       QC-B(P130-
083) 100 0 0.1 0 0       
Trip Blank 1 0   0 0 <2 <2   
Blank1 1 0   0 0 <2 <2   
Blank2 1 0   0 0 <2 <2   
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MPN Fecal Coliform/E. coli   
Sample Collection: 8/2/06  8:40  HC Project ID: MUS 
Delivery: 8/2/06 14:00  HC Batch ID: 8-2-06 
Start Analysis: 8/2/06  14:05  HC SOP#/Ver.: MPN MB111, Ver. 1.3 
LT 24-hour reading: 8/3/06 14:40 HC Incub #/Temp.: 34.8°C 
LT 48-hour reading: 8/4/06 14:24 HC Incub #/Temp.: 34.6°C 
EC 24-hour reading: 8/4/06 14:24 HC Incub #/Temp.:44.5°C 
LT broth lot#: A6205 EC/MUG broth lot#: : A5136 
Experiment Sysytem: MUS , Bayou Segnette, East Side 
Sample ID Dilution LT broth positives 
Volume 
of 
original 
sample 
(ml) 
EC/MUG 
broth gas 
positives 
EC/MUG broth 
fluorescence 
positives 
Fecal 
MPN/100 
mL  
E. coli. 
MPN/100 
mL 
Comments
1 5 10 1 1 2 2   
10 5 1 0 0       
BE-9 100 0 0.1 0 0       
1 5 10 0 0 <2 <2   
10 4 1 0 0       
DE-9 100 0 0.1 0 0       
1 2 10 0 0 <2 <2   
10 0 1 0 0       
AE-15 100 0 0.1 0 0       
1 5 10 1 0 2 <2   
10 5 1 0 0       
BE-15 100 0 0.1 0 0       
1 1 10 0 0 <2 <2   
10 0 1 0 0       
CE-15 100 0 0.1 0 0       
1 1 10 0 0 <2 <2   
10 0 1 0 0       
DE-15 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
EE-15 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       EE-15  
(duplicate) 100 0 0.1 0 0       
1 5 10 0 0 <2 <2   
10 0 1 0 0       
FE-15 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
GE-15 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
HE-15   100 0 0.1 0 0       
IE-14   1 5 10 0 0 <2 <2   
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10 2 1 0 0        
100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
KE-14 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       KE-14  
(duplicate) 100 0 0.1 0 0       
1 5 10 3 1 8 2   
10 3 1 0 0       
SE-9 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
VE-9 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       VE-9  
(duplicate) 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
NE-13  100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       
OE-13  100 0 0.1 0 0       
1 5 10 0 0 <2 <2   
10 1 1 0 0       
Primar East 100 1 0.1 0 0       
1 4 10 1 1 2 2   
10 1 1 0 0       Middle 
Channel 100 0 0.1 0 0       
1 5 10 4 4 26 21   
10 3 1 2 1       
Dock 100 1 0.1 1 1       
1 5 10 5 5 30 30   
10 1 1 1 1       QC-A (P131-
083) 100 0 0.1 0 0       
1 0 10 0 0 <2 <2   
10 0 1 0 0       QC-B(P131-
083) 100 0 0.1 0 0       
Trip Blank 1 0   0 0 <2 <2   
Blank1 1 0   0 0 <2 <2   
Blank2 1 0   0 0 <2 <2   
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Appeddix B: One-Dimensional Column Studies on MS-2 Sorption 
 
 
Sand column:  
salinity = 0 ppt, SOM= 0 mg/L 
Test Date: 2-28-07 
Flowrate: 2.0 mL/min 
Pore volume: 3.0 mL 
 
Breakthrough Data of Bromide 
(diluted 10 times for analysis) 
 
Pore volumes Br
- concentration 
(mg/L) 
0.8 3.5482 
1 8.231 
1.2 10.0999 
1.4 10.6263 
1.6 10.862 
1.8 10.005 
2.0 8.8526 
2.5 10.9644 
Stock 1 10.626 
Stock 2 10.7589 
 
 
Breakthrough Data of MS-2 
 
pore volumes MS-2 concentration PFU/(0.5 mL) 
MS-2 injection 
0.8 79 
1 136 
1.2 131 
1.4 130 
1.6 126 
1.8 136 
2 160 
2.5 145 
3 142 
5 145 
7 148 
10 152 
15 163 
20 145 
30 148 
MS-2 free solution flush 
30.5 132 
31 22 
31.5 5 
32 4 
32.5 12 
33 5 
35 0 
38 1 
40 0 
45 0 
50 0 
60 0 
70 0 
80 0 
Stock  
0 142 
15 144 
30 157 
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Sand column:  
salinity = 1 ppt, SOM= 0 mg/L 
Test Date: 2-15-07 
Flowrate: 2.0 mL/min 
Pore volume: 3.0 mL 
 
Breakthrough Data of Bromide 
(diluted 10 times for analysis) 
 
Pore volumes Br
- concentration 
(mg/L) 
0.8 0 
1 2.9655 
1.2 9.074 
1.4 10.1622 
1.6 10.7871 
1.8 10.6809 
2.0 11.3257 
2.5 11.5155 
Stock 1 11.5105 
Stock 2 11.682 
 
 
Breakthrough Data of MS-2 
 
pore volumes MS-2 concentration PFU/(0.5 mL) 
MS-2 injection 
1 65 
2 69 
3 75 
5 71 
7 77 
10 83 
15 112 
20 118 
25 156 
30 144 
40 136 
50 115 
60 140 
70 166 
80 143 
90 133 
100 153 
120 154 
150 169 
MS-2 free solution flush 
150.5 133 
151 43 
151.5 6 
152 5 
152.5 3 
153 4 
155 1 
157 1 
160 0 
165 1 
170 0 
175 0 
180 0 
190 0 
200 0 
DI water flush 
201 32 
202 18 
203 10 
205 5 
207 3 
210 3 
220 0 
230 0 
240 0 
Stock  
0 130 
50 120 
150 152 
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Sand column:  
salinity = 5 ppt, SOM= 0 mg/L 
Test Date: 2-15-07 
Flowrate: 2.0 mL/min 
Pore volume: 3.0 mL 
 
Breakthrough Data of Bromide 
(diluted 10 times for analysis) 
 
Pore volumes Br
- concentration 
(mg/L) 
0.8 0 
1 2.6588 
1.2 8.9104 
1.4 9.9647 
1.6 10.442 
1.8 10.4075 
2.0 10.6401 
2.5 11.1151 
Stock 1 10.8283 
Stock 2 10.8723 
 
 
Breakthrough Data of MS-2 
 
pore volumes MS-2 concentration PFU/(0.5 mL) 
MS-2 injection 
5 44 
10 50 
15 63 
20 80 
25 90 
30 120 
35 133 
40 161 
45 142 
50 138 
55 145 
60 137 
70 159 
80 151 
90 159 
100 144 
110 128 
120 147 
130 167 
140 153 
150 145 
MS-2 free solution flush 
150.5 120 
151 70 
151.5 9 
152 4 
152.5 9 
153 2 
155 2 
157 0 
160 0 
165 0 
170 0 
175 0 
180 0 
190 0 
200 0 
DI water flush 
201 50 
202 34 
203 20 
205 13 
207 1 
210 3 
220 3 
230 2 
240 0 
Stock  
0 139 
50 132 
150 141 
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Sand column: 
salinity = 8 ppt, SOM= 0 mg/L 
Test Date: 6-21-07 
Flowrate: 2.0 mL/min 
Pore volume: 3.0 mL 
 
Breakthrough Data of MS-2 
 
pore volumes MS-2 concentration PFU/(0.5 mL) 
MS-2 injection 
10 0 
20 0 
30 2 
40 12 
50 32 
60 54 
70 76 
80 91 
90 85 
100 103 
110 105 
120 92 
130 96 
140 108 
150 115 
MS-2 free solution flush 
150.5 97 
151 75 
151.5 34 
152 13 
153 7 
155 2 
160 2 
170 1 
180 1 
190 0 
200 0 
DI water flush 
200.5 0 
201 80 
201.5 51 
202 42 
203 11 
205 3 
210 2 
220 0 
230 1 
240 0 
250 0 
Stock  
0 120 
30 116 
60 111 
90 117 
120 111 
150 96 
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Sand column:  
salinity = 10 ppt, SOM= 0 mg/L 
Test Date: 2-15-07 
Flowrate: 2.0 mL/min 
Pore volume: 3.0 mL 
 
Breakthrough Data of Bromide 
(diluted 10 times for analysis) 
 
Pore volumes Br
- concentration 
(mg/L) 
0.8 1.5851 
1 5.3569 
1.2 8.2663 
1.4 10.0122 
1.6 10.8004 
1.8 11.2033 
2.0 11.3903 
2.5 11.501 
Stock 1 11.6 
Stock 2 11.5306 
 
 
Breakthrough Data of MS-2 
 
pore volumes MS-2 concentration PFU/(0.5 mL) 
MS-2 injection 
10 0 
20 0 
30 0 
40 1 
45 7 
50 15 
55 14 
60 25 
65 44 
70 42 
75 68 
80 70 
90 101 
100 118 
110 113 
120 154 
130 138 
140 135 
150 155 
MS-2 free solution flush 
150.5 125 
151 101 
151.5 42 
152 17 
152.5 11 
153 15 
155 4 
157 3 
160 4 
165 0 
170 0 
175 0 
180 0 
190 0 
200 0 
DI water flush 
201 53 
202 24 
203 21 
205 7 
207 5 
210 5 
220 3 
230 0 
240 1 
Stock  
0 135 
50 136 
150 134 
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Sand column:  
salinity = 20 ppt, SOM= 0 mg/L 
Test Date: 2-8-07 
Flowrate: 2.0 mL/min 
Pore volume: 3.0 mL 
 
Breakthrough Data of Bromide 
(diluted 10 times for analysis) 
 
Pore volumes Br
- concentration 
(mg/L) 
0.8 1.0287 
1 6.1218 
1.2 8.8608 
1.4 11.2487 
1.6 10.5817 
1.8 10.572 
2.0 12.2707 
2.5 12.3376 
Stock  12.6119 
 
 
Breakthrough Data of MS-2 
 
pore volumes MS-2 concentration PFU/(0.5 mL) 
MS-2 injection 
10 0 
20 0 
30 0 
40 2 
50 9 
60 24 
70 35 
80 58 
90 47 
100 74 
105 120 
110 104 
115 114 
120 107 
125 138 
130 120 
135 106 
140 117 
145 138 
150 129 
MS-2 free solution flush 
150.5 120 
151 98 
151.5 25 
152 16 
152.5 13 
153 11 
155 4 
157 6 
160 0 
165 2 
170 6 
175 2 
180 3 
190 0 
200 2 
DI water flush 
201 59 
202 44 
203 38 
205 23 
210 2 
220 0 
230 0 
240 1 
Stock  
0 125 
50 146 
150 139 
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Sand column:  
salinity = 30 ppt, SOM= 0 mg/L 
Test Date: 2-8-07 
Flowrate: 2.0 mL/min 
Pore volume: 3.0 mL 
 
Breakthrough Data of Bromide 
(diluted 10 times for analysis) 
 
Pore volumes Br
- concentration 
(mg/L) 
0.8 3.0438 
1 7.6359 
1.2 10.2078 
1.4 10.9899 
1.6 11.639 
1.8 12.0336 
2.0 11.8321 
2.5 12.096 
Stock  12.5769 
 
 
Breakthrough Data of MS-2 
 
pore volumes MS-2 concentration PFU/(0.5 mL) 
MS-2 injection 
10 0 
20 0 
30 0 
40 0 
50 0 
60 2 
70 6 
80 15 
90 68 
100 85 
105 77 
110 84 
115 106 
120 116 
125 120 
130 110 
135 125 
140 132 
145 130 
150 167 
MS-2 free solution flush 
150.5 131 
151 90 
151.5 50 
152 21 
152.5 14 
153 17 
155 9 
157 8 
160 0 
165 3 
170 2 
175 0 
180 0 
190 1 
200 1 
DI water flush 
201 8 
202 86 
203 39 
205 7 
210 3 
220 3 
230 1 
240 3 
Stock  
0 146 
50 118 
150 139 
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Sand column: 
 salinity = 0 ppt, SOM= 850 mg/L 
Test Date: 11-14-07 
Flowrate: 2.0 mL/min 
Pore volume: 3.0 mL 
 
Breakthrough Data of Bromide 
(diluted 10 times for analysis) 
 
Pore volumes Br
- concentration 
(mg/L) 
0.8 3.7367 
1 5.3038 
1.2 6.0442 
1.4 6.2853 
1.6 7.7429 
1.8 7.253 
2.0 7.7301 
2.5 8.4051 
Stock 1 8.5253 
Stock 2 8.3735 
 
 
COD Data of Stock 
(diluted 20 times for analysis) 
 
Pore volumes COD  (mg/L) 
0 41.2 
30 44.3 
80 39.8 
 
 
Breakthrough Data of MS-2 
 
pore volumes MS-2 concentration PFU/(0.5 mL) 
MS-2 injection 
0.8 89 
1 113 
1.3 120 
1.6 140 
2 122 
3 123 
5 113 
10 122 
20 126 
30 126 
MS-2 free solution flush 
30.5 125 
31 27 
31.5 10 
32 4 
33 4 
35 1 
40 0 
50 0 
60 0 
70 0 
80 0 
DI water flush 
81 20 
81.5 3 
82 2 
83 13 
85 0 
90 0 
100 0 
110 0 
120 0 
130 0 
Stock  
0 123 
50 100 
150 134 
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Sand column:  
salinity = 1 ppt, SOM= 850 mg/L 
Test Date: 9-27-07 
Flowrate: 2.0 mL/min 
Pore volume: 3.0 mL 
 
Breakthrough Data of Bromide 
(diluted 10 times for analysis) 
 
Pore volumes Br
- concentration 
(mg/L) 
0.8 3.3995 
1 3.9427 
1.2 5.293 
1.4 6.1441 
1.6 6.6617 
1.8 7.1701 
2.0 7.0304 
2.5 7.4589 
Stock 1 7.0408 
Stock 2 7.3988 
Stock 3 7.5075 
 
 
COD Data of Stock 
(diluted 20 times for analysis) 
Pore volumes COD  (mg/L) 
0 41.6 
100 45.0 
150 43.1 
250 43.1 
 
 
Breakthrough Data of MS-2 
 
pore volumes MS-2 concentration PFU/(0.5 mL) 
MS-2 injection 
1.0 91 
1.5 120 
2.0 137 
3.0 147 
5.0 124 
10.0 152 
15.0 135 
20.0 153 
25.0 134 
30.0 147 
40.0 161 
50.0 153 
70.0 132 
100.0 142 
150.0 151 
MS-2 free solution flush 
150.5 121 
151.0 46 
151.5 18 
152.0 9 
153.0 4 
155.0 0 
160.0 1 
170.0 1 
180.0 0 
190.0 0 
200.0 0 
DI water flush 
200.5 1 
201.0 0 
201.5 12 
202.0 15 
203.0 6 
205.0 1 
210.0 1 
220.0 0 
230.0 0 
240.0 0 
250.00 0 
Stock  
0 152 
50 141 
100 163 
150 135 
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Sand column:  
salinity = 5 ppt, SOM= 850 mg/L 
Test Date: 9-27-07 
Flowrate: 2.0 mL/min 
Pore volume: 3.0 mL 
 
Breakthrough Data of Bromide 
(diluted 10 times for analysis) 
 
Pore volumes Br
- concentration 
(mg/L) 
0.8 2.019 
1 3.9102 
1.2 5.3022 
1.4 6.3358 
1.6 6.9875 
1.8 7.6801 
2.0 7.6391 
2.5 7.7605 
Stock 1 7.9508 
Stock 2 8.1843 
Stock 3 8.2018 
 
 
COD Data of Stock 
(diluted 20 times for analysis) 
 
Pore volumes COD  (mg/L) 
0 41.2 
100 39.3 
150 40.6 
250 44.3 
 
 
Breakthrough Data of MS-2 
 
pore volumes MS-2 concentration PFU/(0.5 mL) 
MS-2 injection 
1.0 2 
1.5 13 
2.0 34 
3.0 25 
5.0 40 
10.0 68 
15.0 94 
20.0 112 
25.0 151 
30.0 154 
40.0 130 
50.0 149 
60.0 141 
70.0 161 
80.0 171 
90.0 142 
100.0 139 
120.0 151 
150.0 147 
MS-2 free solution flush 
150.5 128 
151.0 70 
151.5 19 
152.0 4 
153.0 3 
155.0 2 
160.0 2 
170.0 1 
180.0 0 
190.0 0 
200.0 0 
DI water flush 
200.5 1 
201.0 8 
201.5 6 
202.0 13 
203.0 0 
205.0 3 
210.0 1 
220.0 0 
230.0 0 
240.0 0 
250.0 0 
Stock  
0 137 
50 153 
100 147 
150 161 
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Sand column:  
salinity = 8 ppt, SOM= 850 mg/L 
Test Date: 10-11-07 
Flowrate: 2.0 mL/min 
Pore volume: 3.0 mL 
 
Breakthrough Data of Bromide 
(diluted 10 times for analysis) 
 
Pore volumes Br
- concentration 
(mg/L) 
0.8 5.1379 
1 7.4791 
1.2 9.4898 
1.4 10.7085 
1.6 11.4521 
1.8 12.0125 
2.0 12.4547 
2.5 13.0121 
Stock 1 12.9397 
Stock 2 12.8841 
Stock 3 12.8463 
 
 
COD Data of Stock 
(diluted 20 times for analysis) 
 
Pore volumes COD  (mg/L) 
0 40.7 
50 38.7 
100 44.1 
150 39.0 
 
 
Breakthrough Data of MS-2 
 
pore volumes MS-2 concentration PFU/(0.5 mL) 
MS-2 injection 
5.0 1 
10.0 1 
15.0 5 
20.0 3 
25.0 25 
30.0 24 
40.0 51 
50.0 92 
60.0 141 
70.0 113 
80.0 142 
90.0 138 
100.0 157 
120.0 163 
150.0 140 
MS-2 free solution flush 
150.5 123 
151.0 82 
151.5 31 
152.0 15 
153.0 11 
155.0 3 
160.0 1 
170.0 1 
180.0 0 
190.0 0 
200.0 0 
DI water flush 
200.5 0 
201.0 2 
201.5 2 
202.0 5 
203.0 5 
205.0 8 
210.0 1 
220.0 0 
230.0 0 
240.0 0 
250.0 0 
Stock  
0 137 
50 155 
100 135 
150 167 
 
 
 
 
 
 
 
 
 176
Sand column: 
Salinity = 10 ppt, SOM= 850 mg/L 
Test Date: 10-11-07 
Flowrate: 2.0 mL/min 
Pore volume: 3.0 mL 
 
Breakthrough Data of Bromide 
(diluted 10 times for analysis) 
 
Pore volumes Br
- concentration 
(mg/L) 
0.8 3.9023 
1 5.2167 
1.2 6.3284 
1.4 7.2729 
1.6 7.8135 
1.8 8.0307 
2.0 8.0228 
2.5 7.8386 
Stock 1 7.9669 
Stock 2 8.163 
Stock 3 8.1241 
 
 
COD Data of Stock 
(diluted 20 times for analysis) 
Pore volumes COD  (mg/L) 
0 40.8 
50 38.9 
100 39.3 
150 44.6 
 
 
Breakthrough Data of MS-2 
 
pore volumes MS-2 concentration PFU/(0.5 mL) 
MS-2 injection 
5.0 0 
10.0 1 
15.0 7 
20.0 6 
25.0 11 
30.0 17 
40.0 61 
50.0 52 
60.0 97 
70.0 176 
80.0 161 
90.0 192 
100.0 171 
120.0 164 
150.0 182 
MS-2 free solution flush 
150.5 153 
151.0 104 
151.5 23 
152.0 14 
153.0 10 
155.0 1 
160.0 1 
170.0 1 
180.0 0 
190.0 0 
200.0 0 
DI water flush 
200.5 0 
201.0 1 
201.5 2 
202.0 3 
203.0 7 
205.0 5 
210.0 2 
220.0 1 
230.0 0 
240.0 0 
250.0 0 
Stock  
0 174 
50 150 
100 191 
150 169 
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Sand column:  
salinity = 20 ppt, SOM= 850 mg/L 
Test Date: 9-13-07 
Flowrate: 2.0 mL/min 
Pore volume: 3.0 mL 
 
Breakthrough Data of Bromide 
(diluted 10 times for analysis) 
 
Pore volumes Br
- concentration 
(mg/L) 
0.8 7.166 
1 11.462 
1.2 12.4321 
1.4 13.0308 
1.6 13.6659 
1.8 13.3361 
2.0 13.2169 
2.5 13.7372 
Stock 1 13.1571 
Stock 2 13.2309 
 
 
COD Data of Stock 
(diluted 20 times for analysis) 
 
Pore volumes COD  (mg/L) 
0 40.0 
50 43.6 
100 41.5 
150 46.7 
200 39.2 
250 45.2 
 
 
Breakthrough Data of MS-2 
 
pore volumes MS-2 concentration PFU/(0.5 mL) 
MS-2 injection 
5.0 0 
10.0 0 
20.0 0 
30.0 1 
40.0 17 
50.0 53 
60.0 97 
70.0 128 
80.0 169 
90.0 188 
100.0 170 
110.0 195 
120.0 185 
130.0 166 
140.0 188 
150.0 183 
MS-2 free solution flush 
150.5 172 
151.0 44 
151.5 8 
152.0 5 
152.5 4 
153.0 3 
155.0 6 
160.0 3 
170.0 0 
180.0 1 
190.0 2 
200.0 2 
DI water flush 
200.5 0 
201.0 41 
201.5 40 
202.0 30 
203.0 14 
205.0 7 
210.0 0 
220.0 1 
230.0 0 
240.0 1 
250.0 0 
Stock  
0 182 
50 160 
100 164 
150 172 
200 170 
250 186 
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Sand column:  
salinity = 30 ppt, SOM= 850 mg/L 
Test Date: 9-13-07 
Flowrate: 2.0 mL/min 
Pore volume: 3.0 mL 
 
Breakthrough Data of Bromide 
(diluted 10 times for analysis) 
 
Pore volumes Br
- concentration 
(mg/L) 
0.8 2.0527 
1 7.9289 
1.2 11.3819 
1.4 11.2071 
1.6 12.4954 
1.8 13.1368 
2.0 13.0053 
2.5 13.3559 
Stock 1 12.8493 
Stock 2 12.7422 
Stock 3 12.7066 
 
 
COD Data of Stock 
(diluted 20 times for analysis) 
 
Pore volumes COD  (mg/L) 
0 38.6 
50 40.2 
100 40.5 
150 41.2 
200 44.3 
250 43.2 
 
 
Breakthrough Data of MS-2 
 
pore volumes MS-2 concentration PFU/(0.5 mL) 
MS-2 injection 
5.0 0 
10.0 0 
20.0 0 
30.0 1 
40.0 2 
50.0 14 
60.0 44 
70.0 78 
80.0 130 
90.0 178 
100.0 190 
110.0 186 
120.0 159 
130.0 195 
140.0 178 
150.0 189 
MS-2 free solution flush 
150.5 135 
151.0 57 
151.5 32 
152.0 18 
152.5 14 
153.0 7 
155.0 2 
160.0 5 
170.0 3 
180.0 1 
190.0 0 
200.0 0 
DI water flush 
200.5 3 
201.0 31 
201.5 31 
202.0 21 
203.0 14 
205.0 13 
210.0 4 
220.0 1 
230.0 0 
240.0 0 
250.0 0 
Stock  
0 190 
50 170 
100 165 
150 174 
200 185 
250 193 
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Sandy soil column: 
salinity = 0 ppt, SOM= 0 mg/L 
Test Date: 11-14-07 
Flowrate: 2.0 mL/min 
Pore volume: 3.0 mL 
 
Breakthrough Data of Bromide 
(diluted 10 times for analysis) 
 
Pore volumes Br
- concentration 
(mg/L) 
0.8 1.8988 
1 4.6026 
1.2 6.0426 
1.4 7.5367 
1.6 7.8497 
1.8 8.7304 
2.0 9.5661 
2.5 9.007 
Stock 1 9.2766 
Stock 2 9.4794 
Stock 3 9.4166 
 
 
Breakthrough Data of MS-2 
 
pore volumes MS-2 concentration PFU/(0.5 mL) 
MS-2 injection 
0.8 34 
1 40 
1.3 45 
1.6 64 
2 69 
3 67 
5 67 
10 64 
20 51 
30 65 
MS-2 free solution flush 
30.5 58 
31 10 
31.5 7 
32 4 
33 3 
35 2 
40 2 
50 0 
60 0 
70 0 
80 0 
Stock  
0 57 
15 68 
30 63 
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Sandy soil column: 
salinity = 10 ppt, SOM= 0 mg/L 
Test Date: 2-28-07 
Flowrate: 2.0 mL/min 
Pore volume: 3.0 mL 
 
Breakthrough Data of Bromide 
(diluted 10 times for analysis) 
 
Pore volumes Br
- concentration 
(mg/L) 
0.8 3.5482 
1 8.231 
1.2 10.0999 
1.4 10.6263 
1.6 10.862 
1.8 10.005 
2.0 8.8526 
2.5 10.9644 
Stock 1 10.626 
Stock 2 10.7589 
 
 
Breakthrough Data of MS-2 
 
pore volumes MS-2 concentration PFU/(0.5 mL) 
MS-2 injection 
0.8 90 
1 103 
1.2 142 
1.4 130 
1.6 139 
1.8 154 
2 145 
2.5 142 
3 139 
5 144 
7 136 
10 152 
15 150 
20 146 
30 153 
MS-2 free solution flush 
30.5 159 
31 43 
31.5 14 
32 5 
32.5 3 
33 5 
35 1 
38 1 
40 1 
45 0 
50 0 
60 0 
70 0 
80 0 
Stock  
0 150 
15 141 
30 155 
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Sandy soil column: 
salinity = 20 ppt, SOM= 0 mg/L 
Test Date: 7-11-07 
Flowrate: 2.0 mL/min 
Pore volume: 3.0 mL 
 
Breakthrough Data of Bromide 
(diluted 10 times for analysis) 
 
Pore volumes Br
- concentration 
(mg/L) 
0.8 7.1768 
1 11.1439 
1.2 10.769 
1.4 11.5079 
1.6 11.3457 
1.8 11.1834 
2.0 12.5818 
2.5 13.1125 
Stock 1 12.4307 
Stock 2 12.8963 
Stock 3 13.1371 
 
 
Breakthrough Data of MS-2 
 
pore volumes MS-2 concentration PFU/(0.5 mL) 
MS-2 injection 
0.8 51 
1 68 
1.3 87 
1.6 112 
2 105 
2.5 135 
3 127 
5 130 
7 123 
10 118 
20 142 
30 131 
MS-2 free solution flush 
30.5 112 
31 69 
31.5 21 
32 12 
32.5 7 
33 4 
35 2 
37 1 
40 1 
50 0 
60 0 
70 0 
80 0 
Stock  
0 137 
40 116 
80 131 
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Sandy soil column: 
salinity = 30 ppt, SOM= 0 mg/L 
Test Date: 7-11-07 
Flowrate: 2.0 mL/min 
Pore volume: 3.0 mL 
 
Breakthrough Data of Bromide 
(diluted 10 times for analysis) 
 
Pore volumes Br
- concentration 
(mg/L) 
0.8 7.6833 
1 10.2208 
1.2 11.7388 
1.4 12.4589 
1.6 12.9906 
1.8 12.9309 
2.0 13.5836 
2.5 13.8919 
Stock 1 14.6292 
Stock 2 14.2235 
Stock 3 14.0272 
 
 
Breakthrough Data of MS-2 
 
pore volumes MS-2 concentration PFU/(0.5 mL) 
MS-2 injection 
0.8 48 
1 57 
1.3 90 
1.6 93 
2 130 
2.5 118 
3 140 
5 144 
7 121 
10 139 
20 152 
30 132 
MS-2 free solution flush 
30.5 116 
31 75 
31.5 19 
32 17 
32.5 12 
33 8 
35 4 
37 1 
40 0 
50 0 
60 0 
70 0 
80 0 
Stock  
0 130 
40 145 
80 134 
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Sandy soil column: 
salinity = 0 ppt, SOM= 850 mg/L 
Test Date: 11-14-07 
Flowrate: 2.0 mL/min 
Pore volume: 3.0 mL 
 
Breakthrough Data of MS-2 
 
pore volumes MS-2 concentration PFU/(0.5 mL) 
MS-2 injection 
0.8 72 
1 95 
1.3 108 
1.6 119 
2 127 
3 121 
5 135 
10 114 
20 124 
30 129 
MS-2 free solution flush 
30.5 115 
31 23 
31.5 9 
32 3 
33 2 
35 1 
40 2 
50 0 
60 0 
70 0 
80 0 
Stock  
0 123 
15 100 
30 134 
 
 
COD Data of Stock 
(diluted 20 times for analysis) 
Pore volumes COD  (mg/L) 
0 41.2 
30 44.3 
80 39.8 
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Sand soil column: 
salinity = 10 ppt, SOM= 850 mg/L 
Test Date: 11-1-07 
Flowrate: 2.0 mL/min 
Pore volume: 3.0 mL 
 
Breakthrough Data of Bromide 
(diluted 10 times for analysis) 
 
Pore volumes Br
- concentration 
(mg/L) 
0.8 2.313 
1 4.846 
1.3 6.8763 
1.6 7.9768 
2 8.6615 
2.5 8.9304 
3 9.0168 
Stock 1 9.3112 
Stock 2 9.3064 
Stock 3 9.7251 
 
 
COD Data of Stock 
(diluted 20 times for analysis) 
 
Pore volumes COD  (mg/L) 
0 38.2 
30 41.7 
80 41.1 
 
 
Breakthrough Data of MS-2 
 
pore volumes MS-2 concentration PFU/(0.5 mL) 
MS-2 injection 
0.8 32 
1 48 
1.3 55 
1.6 87 
2 91 
2.3 75 
2.6 81 
3 93 
5 89 
10 90 
20 73 
30 103 
MS-2 free solution flush 
30.5 95 
31 16 
31.5 4 
32 3 
33 1 
35 0 
40 0 
50 0 
60 0 
70 0 
80 0 
Stock  
0 103 
15 83 
30 99 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 185
Sand soil column: 
salinity = 20 ppt, SOM= 850 mg/L 
Test Date: 11-1-07 
Flowrate: 2.0 mL/min 
Pore volume: 3.0 mL 
 
Breakthrough Data of Bromide 
(diluted 10 times for analysis) 
 
Pore volumes Br
- concentration 
(mg/L) 
0.8 0.2752 
1 0.6066 
1.3 2.192 
1.6 4.8067 
2 7.7534 
2.5 9.1409 
3 8.8117 
Stock 1 9.4334 
Stock 2 9.546 
Stock 3 9.5051 
 
 
COD Data of Stock 
(diluted 20 times for analysis) 
 
Pore volumes COD  (mg/L) 
0 40.8 
30 43.3 
80 43.9 
 
 
Breakthrough Data of MS-2 
 
pore volumes MS-2 concentration PFU/(0.5 mL) 
MS-2 injection 
0.8 23 
1 55 
1.3 67 
1.6 83 
2 92 
2.3 97 
2.6 79 
3 83 
5 98 
10 92 
20 82 
30 101 
MS-2 free solution flush 
30.5 97 
31 28 
31.5 11 
32 5 
33 2 
35 1 
40 0 
50 0 
60 0 
70 0 
80 0 
Stock  
0 85 
15 105 
30 86 
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Sandy soil column: 
salinity = 30 ppt, SOM= 850 mg/L 
Test Date: 11-1-07 
Flowrate: 2.0 mL/min 
Pore volume: 3.0 mL 
 
Breakthrough Data of Bromide 
(diluted 10 times for analysis) 
 
Pore volumes Br
- concentration 
(mg/L) 
0.8 0.7900 
1 2.7585 
1.3 5.8956 
1.6 8.0437 
2 9.1224 
2.5 9.8185 
3 10.3199 
Stock 1 9.2703 
Stock 2 9.3093 
Stock 3 10.1777 
 
 
COD Data of Stock 
(diluted 20 times for analysis) 
 
Pore volumes COD  (mg/L) 
0 37.7 
30 40.5 
80 40.3 
 
 
Breakthrough Data of MS-2 
 
pore volumes MS-2 concentration PFU/(0.5 mL) 
MS-2 injection 
0.8 19 
1 52 
1.3 74 
1.6 73 
2 85 
2.3 70 
2.6 85 
3 80 
5 90 
10 89 
20 99 
30 99 
MS-2 free solution flush 
30.5 87 
31 62 
31.5 14 
32 10 
33 7 
35 4 
40 1 
50 0 
60 0 
70 0 
80 0 
Stock  
0 90 
15 96 
30 87 
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Sand column: (duplicate test 1) 
salinity = 20 ppt, SOM= 850 mg/L 
Test Date:  
Flowrate: 2.0 mL/min 
Pore volume: 3.0 mL 
 
Breakthrough Data of MS-2 
 
pore volumes MS-2 concentration PFU/(0.5 mL) 
MS-2 injection 
10 0 
20 0 
30 0 
40 2 
50 10 
60 9 
70 35 
80 81 
90 98 
100 112 
110 142 
120 138 
130 156 
140 153 
150 132 
MS-2 free solution flush 
150.5 147 
151 48 
151.5 17 
152 6 
153 2 
155 1 
160 2 
170 0 
180 0 
190 0 
200 0 
DI water flush 
200.5 0 
201 29 
201.5 16 
202 5 
203 8 
205 2 
210 1 
220 0 
230 0 
240 0 
250 0 
Stock  
0 140 
50 155 
100 143 
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Sand column: (duplicate test 2) 
salinity = 30 ppt, SOM= 850 mg/L 
Test Date:  
Flowrate: 2.0 mL/min 
Pore volume: 3.0 mL 
 
Breakthrough Data of MS-2 
 
pore volumes MS-2 concentration PFU/(0.5 mL) 
MS-2 injection 
10 0 
20 0 
30 0 
40 0 
50 0 
60 1 
70 3 
80 8 
90 5 
100 16 
110 14 
120 31 
130 45 
140 48 
150 69 
MS-2 free solution flush 
150.5 74 
151 25 
151.5 8 
152 3 
153 2 
155 0 
160 0 
170 0 
180 0 
190 0 
200 0 
DI water flush 
200.5 3 
201 19 
201.5 12 
202 9 
203 4 
205 1 
210 0 
220 0 
230 0 
240 0 
250 0 
Stock  
0 96 
50 114 
100 87 
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